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ABSTRACT
Conventional stretchforming requires a solid die for each unique part
produced, resulting in large tooling inventories. The current process is inflexible,
time consuming, and expensive. Companies are turning to lean manufacturing and
precision assembly principles in an effort to minimize these issues while improving
product quality and process flexibility. Attempts are being made to reduce cycle
times and the predominantly fixed costs associated with tooling- design, fabrication,
and material.
The Reconfigurable Tooling for Flexible Fabrication (RTFF) Project is a
proposed improvement to these issues. RTFF will increase the flexibility and
precision of the stretchforming process while decreasing cost, cycle time, batch time,
and lead time. The project's main thrusts are development of a reconfigurable tool
(discrete die), model-based tool design method, and closed-loop shape control
system.
In this thesis, methods for reconfiguring the discrete die have been examined.
Sequential setup, the method of positioning small subsets of die pins in series, has
been developed in detail. The concept was tested and proven on a unit pin level. A
setup time simulation was then developed to determine the required setup
mechanism configuration. Full scale issues that could not be tested with the unit pin
apparatus were addressed. Recommendations for future work on the sequential
setup mechanism include a suggested multiple pin prototype and full scale concept.
Thesis Supervisor: David E. Hardt
Title: Professor of Mechanical Engineering
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Chapter 1
INTRODUCTION
The commercial aerospace industry produces many aluminum airframe skin
components using the sheet metal stretchforming process. This process stretches a
sheet metal blank to its yield point while forming, or after forming the part over a
die. Conventional stretchforming requires a solid die for each unique part produced,
resulting in large tooling inventories. The current process is inflexible, time
consuming, and expensive.
The forces driving improvement of the stretchforming industry are lean
manufacturing and precision assembly principles. Companies are cutting costs by
reducing cycle times and the predominantly fixed costs associated with tooling.
These fixed costs include tool design, fabrication, and material costs. Unnecessary
tooling is being eliminated in an attempt to create lean processes.
Die design and development time add directly to new part lead time because
the finished part drawing is needed to begin the die development phase. The average
time required to produce an airframe panel die is 850 hours (Boivin, 1996). This
time consists of design, machining, trial, and rework times and can extend new part
lead time a few months past the final part design stage.
Along with reducing costs and lead times, there is a drive to increase quality.
Aircraft manufacturers are becoming intolerant of part variations as they move away
from trimming and shimming to reduce assembly variation and cost. Parts can no
longer be forced into place; they must be as close to net shape as possible. Inaccurate
components can actually cause slight warping of airframe structures, such as wings
(Hamm, 1997). Increasing part accuracy is also important for precision assembly
implementation (Parris, 1996).
The Reconfigurable Tooling for Flexible Fabrication (RTFF) Project (of
which this research is part) is a proposed improvement to these issues. RTFF will
increase the flexibility and precision of the stretchforming process while decreasing
cost, cycle time, batch time, and lead time. The project's main thrusts are
development of a reconfigurable tool (discrete die), model-based tool design method,
and closed-loop shape control system. The reconfigurable tool is a discrete die
composed of many pins which can be moved independently to approximate a
continuous surface. The tool design and control system consists of finite element
simulation software coupled with a system identification control approach.
Airframe skin manufacturing was selected as a reconfigurable tooling test bed
for two main reasons. First, a discrete die has limited shape resolution capabilities.
Many outer skin components have mild single or bi-directional curvatures which
meet this tooling constraint. Second, the tool offers the greatest potential cost
reduction when implemented in small batch (less than 20 parts) production
environments, like the aerospace industry. Commercial aerospace companies
typically produce planes at the rate of 20 to 200 per year, typically toward the
smaller end of this range (Parris, 1996). Targeting small batch production allows for
maximum realization of reductions in part cycle time, batch cycle time, and die
development time.
This thesis briefly explains the stretchforming process before moving on to
the RTFF program and reconfigurable tooling. Design of a discrete die setup
mechanism is the main focus of this work. Methods for setting the appropriate
reconfigurable die shape are examined. Three possible concepts are presented and
evaluated. One of the reconfigurable tool setup concepts, sequential setup, is then
developed in detail. The sequential method utilizes a reduced set of motion control
axes and supporting hardware in relation to the other designs, while providing an
equivalent setup time.
Chapter 2
CURRENT SHEET METAL FORMING PRACTICES
2.1 The Stretchforming Process and Mechanics
Stretchforming refers to a process whereby a sheet is clamped at its edges and
stretched or pulled over a single tool or die. This is shown schematically in Figure 1
and Figure 2. The stretchforming process is well suited to part geometries having
mild contours and no sharp edges. Double curvature parts having the following
basic geometric properties can be formed: part curvature in the longitudinal axis
must be convex, while curvature in the transverse direction can be either convex or
concave. There can be no local maxima or minima in any longitudinal or transverse
part section. This constraint is necessary to eliminate parts with pockets or islands,
since they can not be stretchformed. Examples of acceptable part geometries include
cylindrical, spherical, elliptical, and saddle shapes.
Clamps
- Sheet
;tretch
)irection
Longitudinal
Direction
Figure 1: Top view of clamped sheet metal blank showing
part directions
Advantages offered by stretchforming over other forming methods are lower
springback in formed parts (discussed below), the need to use one die instead of a
matched set (as in stamping), and improved part material properties through strain
hardening.
There are two basic types of stretchforming processes: drape forming and
stretch wrap forming. Drape forming pushes the die into a piece of sheet metal and
then stretches the sheet to a predetermined stress state (a "post-stretch"). This stress
state is nonuniform across the sheet because of friction between the sheet and die.
For an axisymmetric part shape, there is actually a significant stress gradient in the
longitudinal sheet direction with a minimum value at the center of the die.
Stretch-wrap forming places an initial tensile stress in the sheet before
moving the die into the sheet (a "pre-stretch"). This state of stress (at or near the
material's yield point) is maintained throughout the forming cycle. After the die has
been moved to its final position, the forming force is normally increased to provide a
post-stretch (Figure 2).
Forming c=
Jaws k2)
Die >_
Figure 2: Stretch-wrap forming process (drawing by
Valjavec)
Die , >
ros,1-6
The main advantage of stretch-wrap forming over drape forming is the use of
a pre-stretch. Pre-stretching reduces the effect of friction between the part and die
(Parris, 1996). Drape forming wraps the sheet completely over the die at basically
zero axial stress creating a stress gradient based on the post-stretch load only.
Stretch-wrap forming, on the other hand, wraps the sheet under the pre-stretch load,
producing a stress gradient based on the difference between the post- and pre-stretch
loads. For any nonzero pre-stretch load, the stretch wrap gradient is reduced
significantly, providing a more uniform stress distribution throughout the sheet.
Post-stretching a sheet introduces an additional tensile plastic strain in the
already stretched sheet metal part by applying an additional force. The resulting
strain further deforms the part, thereby eliminating plastic bending strains.
Increasing plastic deformation translates into a reduction of springback when the
part is released from the forming jaws.
2.2 Springback in Stretchforming
Springback refers to the change in shape caused by elastic unloading of the
part when the forming forces are released. The part curvature reduces from the
stretched condition (die shape) to a state of more mild curvature. The effect of
springback on a simple part can be seen in Figure 3.
. Final Part (unloaded)
Stretched Part (loaded)
Figure 3: Springback in a simple sheet metal part
Springba
A brief explanation of springback mechanics is given below. For a detailed
analysis refer to Parris (1996). This explanation assumes an elastic, perfectly plastic
stress-strain relationship for the material (Figure 4) and a cylindrical die shape with
no friction. If the sheet blank is formed using the drape forming process, it will be
wrapped with a stretch force of almost zero, creating a pure bending strain
distribution in the sheet after bending (Figure 5). The stresses caused by these strains
will create a moment on the sheet metal. When released, the part springs back as
this moment returns to zero. If the deformation incurred during forming is
completely elastic, the part will return to its original shape- a flat sheet.
The post-stretch operation is an attempt to counteract the effects of the
resulting bending moment. If the moment can be forced to zero in the loaded
condition (part loaded and formed over die), springback is totally eliminated.
Ideally, a strain equal to 2 times the yield strain, 2y, , will be applied to the part after
it has been wrapped over the die, forcing all stresses in the sheet after the post-stretch
to be equal to the yield stress, a,, thereby eliminating the moment. (See Figure 6.)
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Figure 4: Generalized elastic, perfectly plastic stress strain
curve
Figure 5: Strain distribution in a beam after pure bending
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Figure 6: Pure bending stress and post-stretch stress
distribution in sheet
For the idealized elastic, perfectly plastic stress-strain curve, springback can
be totally eliminated by straining all areas of the part to sy. This is not the case in a
real material. The stress-strain curve only approaches the perfectly plastic (flat)
region. There will always be a varying combination of elastic and plastic
deformation, resulting in a moment that causes the part to springback. To minimize
springback, the part must be strained as close to its breaking strain (or the onset of
other problems like orange-peeling, etc.) as possible. The stretch press operator is
constantly trying to approach this point; his experience (and some visual cues) being
the only insurance against breaking parts.
Y
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Most forming processes control the force applied to the part, which can
result in problems because of the nature of stress-strain behavior. Referring back to
the elastic, perfectly plastic curve, yield stress does not correspond to a unique value
of strain (Figure 7). After the yield point has been exceeded, the applied force has no
control over strain. If the stress is greater than o,, the sheet will elongate until it
breaks, while a stress lower than c, will not deform the part plastically. The true
stress-strain curve has an asymptotic region after the yield point instead of the level
region depicted in Figure 7. The actual material behavior after reaching yield is not
as severe as in the idealized case, but the relationship is still extremely sensitive to
slight changes in stress. For this reason, strain is the proper process variable to
control.
G~ ~ l t L
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Figure 7: Beyond a,, no unique value of strain
corresponds to yield stress
Strain control research has been conducted with noticeable improvements in
part precision (Parris, 1996). Strain control requires the placement of strain gages on
the part surface, creating a new feedback loop and, therefore, a more complex
system. Manufacturing processes continue to use force as the stretchforming input
because it is easy to control and implement.
2.3 The Stretchforming Phase of Part Production
Figure 8 is a typical process flow diagram for stretchforming of sheet metal
parts. Many of the operations are stretch press operator dependent including the
actual forming cycle. The operator decides how much forming force or
displacement to apply based on previous experience. Visual inspection of the sheet
surface during forming is used to adjust these parameters. Many times, the forming
cycle is a series of iterations. The operator visually inspects the part after each
iteration to determine if the part has sprung back too much. If so, another forming
iteration will be done.
While operator judgment errors affect part quality and consistency, they can
also cause catastrophic sheet failure. Breaking a sheet causes equipment damage and
the potential for operator injury. Unfortunately, the ideal stopping point for the
forming cycle is just before part failure. The operator is constantly trying to strain
the part as much as possible to reduce springback, making adjustments which make
the difference between breaking a sheet and forming a good part.
After forming is complete, the operator unloads the part from the stretch
press grips and inspects it visually. The part is then trimmed using a dedicated Hand
Routing Fixture (HRF) which has the desired part shape. Final part inspection is
based on the force needed to conform the part to the HRF fixture. Usually, this
force is provided by sandbags of a known weight that are placed on top of the part,
and corresponds to an allowable assembly stress for the part.
PART ORDER
DOWNSTREAM OPERATIONS
Figure 8: Typical stretchforming phase of part production
with post-stretch
2.4 Die Design and Construction
Inability to accurately model springback effects in the stretchforming process
and downstream operations has made die design an art based on designer experience.
Figure 9 depicts the typical die design procedure. The die designer generates
machining toolpaths directly from the part drawing. In other words, the resulting
die will be the net part shape when finished. A net shape die only serves as a
reasonable die design starting point and will never create a proper part due to the
effects of springback, friction between the die and part, and processes outside the
forming cycle such as chemical milling, trimming, and drilling.
After creating an initial design, the die is typically CNC machined from a
block of kirksite, an easily machinable material. Due to the low volume
requirements of the aerospace industry, this will be the final die used for
production. Mass production industries will machine the die out of a harder
material such as tool steel, alloy steel, or carbide when the die design stage has been
completed. The harder die will resist the wear of high volume production. For
instance, cemented carbide tooling can be used for up to 1 million cycles (Walczyk,
1996).
The machined die is taken to the stretchforming press and used to form a
part. The part will be measured with a coordinate measuring machine (CMM) and
then compared to the desired part. The die designer uses this comparison to
generate new toolpaths. The die will be re-machined and tried again. The important
rule in die development is to always undercut the die. "Undercutting" is the
procedure of removing less than the expected amount of metal from the die. This
act of conservative machining prevents the destruction of a die during the
development phase.
PART DESIGN
Yes
FINISHED DIE
Figure 9: The die design process
Chapter 3
OVERVIEW OF RTFF
3.1 What is RTFF?
The Reconfigurable Tooling for Flexible Fabrication (RTFF) project
combines a reconfigurable tool with a model-based tool design and closed-loop shape
control system. RTFF improves forming process flexibility and accuracy, while
reducing cost and time. Figure 10 shows the layout of the RTFF system. The tool
design and control loop starts in the upper left corner of the drawing.
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Figure 10: Flexible stretchforming process as defined by
RTFF (drawing by Valjavec)
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For a given desired part shape, the initial die shape is produced by a forming
process simulation, instead of using the conventional net shape die as a starting
point. This model is an ABAQUS" based finite element simulation that uses a
"springforward" algorithm (Boyce and Karafillis, 1995). Model inputs are the
desired part shape, sheet metal material properties, interpolator (described in brief
below) material properties, forming loads, and stretch press motion trajectories. The
model output is an initial die shape that should produce the correct part shape.
After an initial die shape is generated, it is decomposed into a discrete pin
height matrix and sent to the reconfigurable tool for a forming trial. This tool has a
4x6 foot plan form and uses a 42x64 matrix of independently movable discrete pins
(of 1.125" cross section) to approximate the desired three-dimensional die surface.
The key word is "approximate." The goal of this die is to replicate a conventional
die exactly. To do this, the discrete pins need to be infinitely small. Practical size
limits and cost requirements place a lower limit on the size of the discrete die pins.
The finite pin size (1.125x1.125in cross section) means that the sheet metal is
contacted at discrete pin locations during the forming process, creating an uneven
pressure distribution over the sheet. An interpolator layer prevents dimpling and
tearing of the sheet metal part by more uniformly distributing the discrete pin
forces. Currently, this layer is Elvax 360, a high durometer material, with two
layers of Teflon between the sheet metal and interpolator. The Teflon sheets are
used to reduce friction between the part and die. The lowest coefficient of friction
exists between the two sheets of Teflon, meaning relative motion between the die
and part will occur at this interface. Initial research was conducted on interpolator
materials by Eigen (1992) who found that Elvax was much better than neoprene.
Elvax is tougher, harder, and can be softened and formed to the discrete die surface.
To ensure an accurate final part at assembly, operations subsequent to
forming are included in the RTFF shape control loop (described below). After
forming, the part is trimmed and drilled on a separate, reconfigurable fixture. This
fixture ensures maximum process flexibility by totally eliminating hard tooling in
the RTFF concept.
The part is then chemical milled, which is a process of removing metal from
the part with the aid of etching chemicals. Masks are placed on the part to protect
areas that can not be milled. The exposed areas are etched at a rate determined by
part material properties and the chemical solution tank composition and
temperature.
Next, the part is measured using a rapid shape measurement system.
Currently, CMM's are used to measure parts, with measurement times on the order
of hours. A new rapid measurement system is being developed as part of RTFF.
This system is optics-based and has a part measurement time goal of under 10
minutes. Speed is important because the data is used to close the shape control loop.
If the forming simulation was perfect and input properties were constant,
good part production would start with the first part made. Unfortunately, this is
not the case. Material properties vary from batch to batch. Also, the current
springforward algorithm does not include the effects of the chemical milling,
trimming, and drilling operations. The shape control loop is needed for this reason.
The forming simulation produces a die shape that is very close to the correct shape,
then the shape control algorithm fine tunes the die shape to account for model
discrepancies and in-process variation.
The actual shape control algorithm is a system or model identification
approach and is termed the Deformation Transfer Function (Figure 11). The
Deformation Transfer Function (DFT) estimates the system transfer function by
comparing two parts in the spatial frequency domain.
Die 1 Part I calculate
Next DietDie 2 [Part 2 Shape D,+1
Die 3
Die 1 = Die 2 _
Die2=Die3 No o Part 3
Part 1 = Part 2 Below < Part
Part 2 = Part 3 Yes
Done
Figure 11: Deformation Transfer Function (drawing by Valjavec)
The spatial frequency based control system (Webb, 1987) uses two previous
forming iterations with different die shapes to predict the next die. Currently, Die
1, DL_,, is the desired part shape (adjusted for the interpolator thickness) and Die 2,
D,, is the initial die shape generated by the forming simulation. The two measured
parts produced by these die shapes are Part 1 and Part 2, denoted as P,_ and P .
The two die and part shapes are transformed into the frequency domain using a
Discrete Fourier Transformation. The next (new) die shape, D,,1 (co,£2) is then
produced using Equation 3.1. This equation sums the current die shape, D, (tw, q2),
with the shape error, R(co,,o2) - P(Di(wj, q2)), multiplied by the DTF. The shape
error is the difference between the reference or desired shape and the part shape
obtained using the current die shape. An Inverse Fourier Transformation is used to
convert the new die shape from the frequency domain back to the spatial domain.
D j+ (( w , aw ) = D, ( wu , 2) + (R ( oi , ,t)- - Pi(D ( wrl, w2))) , p•-D, a2)- 2-,( c o, -)
[3.1]
A part will be formed with the new die shape, D,,, and then measured. The
error between the new part,P,,, and the reference part, R, is computed and
compared to the stopping criterion, e. If the error is less than E, the die design
process stops and Di, is the correct die shape. If the error is larger than e, a new
die will be calculated. The two "newest" dies and their associated parts are used for
each subsequent iteration of the controller (bottom left of Figure 11).
Initial convergence tests (Grodzinsky, 1996) show the shape control loop to
converge in 4 forming cycles for a single curvature part. This data is slightly
misleading because the springforward algorithm was not used to produce the initial
die for these tests. The first and second dies were 90% and 110% of the reference
shape. The springforward algorithm makes a better initial estimate, which should
reduce the necessary number of iterations performed by the DTF.
3.2 Why Use RTFF?
RTFF offers many improvements to sheet metal manufacturing. The
discrete die reduces fixed tooling costs by eliminating hard tooling; creating a savings
in material, machining costs, and labor. Physical operations are replaced by
computer technology. Simulation software and a closed-loop control system replace
an experience-based die development and machining phase. Development time
basically reduces to the time required to run simulation software, stretchform a
small number of parts, and measure parts between iterations of the controller. The
die shape is now stored in a data file rather than being embodied in a block of metal
which must be stored and handled manually.
While reducing cycle times, lead times and costs, reconfigurable tooling also
has the potential to significantly improve part accuracy and repeatability through a
reduction in process variation. Unlike the manual die development and part
production methods currently employed in industry, the DTF creates a true closed-
loop process. Closing the loop around die design allows for improved part accuracy.
The DTF can also be used as a genuine process control tool. For example, batch to
batch material property variations can be rejected. Real-time part measurement
allows tooling offsets to compensate for process variable changes, similar to tool
offsets used to compensate for tooling wear on a lathe or milling machine.
One of the needs of RTFF will drive a quality improvement in the airframe
skin industry: the need for numerical tolerances on sheet metal part shapes. The
DTF requires quantitative rather than qualitative part inspection. A true measure of
the necessary part conformance is needed to determine the shape control loop's
stopping criterion.
RTFF also offers potential advantages in solid die construction. Similar to
reconfigurable die shape development, the simulation software will allow for rapid
die development, reducing costs and associated times. Unfortunately, the inherent
inflexibility of the conventional process will still remain- the die can not be used to
account for process variations.
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3.3 Limitations of RTFF
While reconfigurable tooling offers many advantages and improvements to
conventional stretchforming, it also has a serious limitation: forming resolution
(Ousterhout, 1991). Parts with high frequency content can not be formed because of
the discrete nature of the tool. This rules out parts that have mild global curvatures
with a small local radius of curvature. The resolution problem exists for any discrete
die, not just for stretchforming operations. This means that matched discrete die
forming (stamping) will have resolution problems and would not be well suited to
auto industry applications. As mentioned previously, the resolution issue is the
primary reason for targeting airframe skin components.
Ideally, one tool would be capable of manufacturing every stretchformed
part. Again, because of limited resolution and the wide geometrical variation in part
characteristics, a small number of reconfigurable tools is needed to cover a large
number of parts. Part families are targeted by a specific reconfigurable tool. For
example, the first RTFF prototype tool is not able to form leading edge parts due to
their radical geometry (high pull-off angle or end slope). With the current discrete
pin configuration, the high frequency components of these edges would require
extremely small die pins to achieve the required shape fidelity.
Chapter 4
DESIGN AND IMPLEMENTATION OF RTFF- DESIGN CONCEPTS FOR
TOOL SETUP
The success of RTFF is dependent on a tooling shape change mechanism that
is fast, accurate, and highly reliable. Currently, the only feasible general method for
changing shapes in a non-destructive manner is the use of independently movable
discrete pins. Previous work was benchmarked before generating new methods for
setting the discrete die shape.
4.1.1 The MIT Discrete Die Stretchforming Press
In 1980 a paper was published on "A Variable Geometry Die for Sheet Metal
Forming: Design and Control" (Hardt and Gossard, 1980). Since this initial work, a
research group at MIT has designed and built two versions of reconfigurable tools,
both employing a bundle of movable pins as the fundamental design concept. The
equipment was initially designed for matched die forming (Robinson, 1987) and later
retrofitted for the stretchforming process (Grodzinsky, 1996).
The current MIT discrete die stretchforming press has a 12x12 inch forming
area and is capable of a 25 ton stretch force. The forming area is made up of a 24x23
matrix of 1/2 inch square pins. These pins are "loose" meaning there is no purely
mechanical connection between the pins and machine base. Friction induced
through clamping forces acting on the pin bundle is used to hold the pins in place
during forming. The matched die press can be seen in Figure 12. Figure 13 shows a
close-up view after modification for stretchforming research.
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Figure 12: Side view of the initial MIT discrete die press
(Robinson)
Figure 13: Close-up top view of MIT stretchforming retrofit
(drawing by Valjavec)
The setup mechanism for the MIT press positions one column of die pins at a
time. This is done by using a column of leadscrews that are connected to servo
motors under position control. The leadscrews are used to push a column of 24
transfer pins to the desired die section profile. Once the transfer pins have been
positioned, they are locked in place and the transfer pin system is extended into the
loose bundle of die pins (Figure 12). After the column of die pins is positioned, the
transfer pin system is retracted and indexed to the next vertical column of the die.
Figure 14 shows a simplified setup mechanism.
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Figure 14: Stripped-down view of MIT press setup
mechanism
While the main problem with the MIT press is the dependency on frictional
die pin clamping, problems specific to the shape setup mechanism include slow setup
time for three-dimensional shapes, mechanism complexity, and possible inaccuracy
caused by error stackup in the setup mechanism components and die pins. Setup
mechanism error is caused by transfer pin length variation, discrete die pin length
variation, leadscrew lead variation and backlash, overshoot/undershoot of the shape
transfer hydraulic cylinders, and slippage between the transfer pin clamp and
transfer pins (refer to Figure 14) .
Pin length variations and leadscrew variations all create systematic position
errors because of the open-loop nature of the positioning system: the pins are set
and measured from their backsides. Even though the leadscrew actuators are
monitored through encoder feedback, the true system output is pin tip position,
which is not included in the closed-loop system. Although inconvenient and
susceptible to wear, this error can be accounted for with the addition of individual
offsets for each die pin that are a combination of the individual setup mechanism
component offsets. The offsets are easy to keep track of in a research lab but add
unwanted maintenance complexity when implemented in a manufacturing
environment.
Problems that can not be counteracted with offsets are slippage within the
transfer pin clamp and overshoot/undershoot of the shape transfer hydraulic
cylinders caused by frictional variation within the discrete die pin bundle. Frictional
forces exerted on individual die pins can vary considerably and unpredictably
because of uneven clamping loads on pin rows, differing pin surface characteristics,
etc.
Some of the setup noise (error) is filtered out by the nature of the discrete
die. The interpolator layer used to smooth out the discrete pins is also able to
"absorb" some of the inaccuracies of the pin positioning system. This is actually a
disadvantage since it means the system resolution is reduced by the interpolator
(Ousterhout, 1991).
4.1.2 Other Reconfigurable Tooling Efforts
The concept for an adjustable die has been around for many years. A patent
was received for a "Die for Spring Forming Machines" in 1920 (L. F. Elkins). The
two-dimensional die was reconfigured using adjustable blocks to change shape. A
patent for the predecessor of the discrete die concept currently employed at MIT was
issued in 1961 (Hicks). The device impresses a three-dimensional image onto a flat
surface. The three-dimensional surface was approximated using a matrix of small
wires (less than 0.030" diameter recommended) with round, square, or hexagonal
cross section. The three-dimensional shape was formed in the bundle of wires and
then the wire ends were aligned again. This created a flat surface whose individual
elements had angles corresponding to the three-dimensional figure. The wire
elements were held in place using a clamping band. An interpolator layer was not
incorporated into this die as the discrete elements produced an effect that was
desirable in the final product: a patterned surface finish.
The Boeing Company launched its discrete tooling research through Wolak
(1968) at the University of Washington. The final result was an adjustable bed of
screws (termed an "infinitely variable surface generator") that could be used as a
mold for spray forming of plastic shells and casting low melting temperature
materials.
In 1980, Boeing was granted a patent for a discrete die press (Pinson),
although none were ever built (Walczyk, 1994). One of the patent application
drawings is included in Figure 15. The abstract follows.
"An apparatus is provided for forming sheet metal utilizing two
opposed sets of rams placed in matrix arrays with corresponding rams
of opposite sets in alignment. The rams are individually movable and
are positioned so that their extremities define a surface having the
desired configuration. The two sets of rams are then used to form a
workpiece in the same manner as dies. Pivotally mounted work-
engaging heads with rounded surfaces are provided on the rams to
improve the surface finish of the workpiece."
Figure 15: Boeing discrete die
A patent was granted for an "Apparatus and Method for Producing Variable
Configuration Die[s]" in 1993 (Todoroki, et al.). The discrete die concept is the
same loose pin arrangement used at MIT. The difference is in die setup methods.
The patent suggests using a robot to pick-and-place the individual pins in a die holder
(Figure 16). The die shape is set by correctly placing the die pins in the desired
three-dimensional shape.
This method has two main problems: low pin positioning accuracy caused
by the robotic arm and a large setup time. Setup is slow since the robot must handle
each pin in the die matrix. This would require 2688 pick-and-place operations for
the die being constructed by the RTFF project. Even
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Figure 16: Discrete die designed by Todoroki, et al.
if the robot could place one pin per second, the die setup time would be 45 minutes;
a severe limitation.
Other methods of die construction are being investigated. A faster die
construction method than conventional die machining has been proposed (Walczyk,
1996). This process, coined "Profiled-Edge Lamination" (PEL), machines two-
dimensional profiles or laminations to build a die. The tool is made up of a series of
these beveled laminations, each lamination representing a column or row of the die.
This method has many advantages over conventional die construction and improves
upon laminated die construction methods. One of the major disadvantages, in
regards to flexible tooling, is the same as a solid die: the shape can not be easily
changed after the die is constructed. Although the die can be machined more than
once, this is a "destructive" shape setup method in the sense that the die is machined
and not truly reconfigurable.
4.2.1 Machine Design Requirements
The main goal of the RTFF machine design effort was very broad: to set up
the required three-dimensional surface in under 30 minutes. After researching
candidate part populations and the current process, this requirement was narrowed
to the following: "set up a 48x72 matrix of 1xl inch cross section pins in under 30
minutes. Pins must have a 12 inch range of motion." The setup time requirement
was based on improving the current time to change conventional dies, which is
approximately one hour (Boivin, 1996).
Main issues in the die design are development of a suitable shape setup
mechanism and design of components capable of handling the high loads of forming.
Under current design constraints, pins at the die corners can be exposed to loads of
up to 4300 pounds depending on part geometry, material, and loading (Kutt, 1997).
Forming load, reliability, and cost constraints produce a lower limit on pin
size. In other words, as the pin size gets smaller, so do its constituent components.
These parts have costs that do not scale down in relation to their size, so the cost of
the die increases at a very steep rate. This increase is driven even higher by the need
for custom parts to meet smaller size requirements. For this reason, the initial pin
size was enlarged slightly to a 1.125 inch square cross section, changing the pin
matrix to 42x64 (2688 pins).
4.2.2 Setup Mechanism Design Requirements
General setup mechanism requirements were to minimize positioning error
and cost, while maximizing reliability. Specific RTFF design requirements pertinent
to the setup mechanism are listed below.
1) Total setup time < 30 minutes.
2) 42x64 pin matrix (2688 pins).
3) Pin cross section is 1.125x1.125 inch.
4) Pins must have a 12 inch range of motion.
A requirement for pin positioning accuracy was never set, although the goal
was to consistently position pins within 0.001 inch.
4.3 Discrete Die Unit Pin Concept
A unit pin concept was needed before conceptual design of the setup
mechanism could begin. The actual pin body was already defined as having a square
cross section. Following the MIT benchmark, spherical tips were selected. This
reduces the effect of dimpling as much as possible when combined with an
interpolator. The important decision in unit pin design was selection of a power
transmission component for positioning of the pin. The identified possibilities are
listed below.
1) Pushing loose pins (no permanent connection to motive source)
2) Fluidic actuation (hydraulic or pneumatic cylinders)
3) Ratchet systems
4) Smooth rod with clamp
5) Magnetic cylinders
6) Leadscrews
The first five power transmission methods were eliminated because of
reliability issues. Using dowels to push the die pins (method currently used at MIT)
was considered too inaccurate and unnecessarily complex. Hydraulic actuation was
eliminated because of cylinder seal and solenoid valve reliability, although this
method of positioning is currently being investigated by another RTFF design
group. Ratchet systems only offer a discrete number of positions. Ratchet
engagement reliability and actuator mechanism complexity are also major concerns.
Clamped rods are basically a modified version of the MIT press and do not escape
the associated pin clamping issues. Magnetic cylinders are expensive and complex,
but more importantly, they require a clamping mechanism to support the forming
process loads.
Leadscrew pin positioning was selected because of its high strength, accuracy,
and reliability. Each pin has an Acme nut pressed into its base (Figure 17). The pin
is moved as the leadscrew rotates, similar to a standard positioning stage. The
mechanical connection between the Acme nut and leadscrew combined with a thrust
surface and washer at the leadscrew base, support the pin during the forming
process, eliminating the need for pin bundle clamping.
Pin clamping is a major problem in loose pin designs such as the MIT press.
This press was designed to handle a 150 ton pin clamping force. The support
structure is 10 inches thick on the sides of the discrete die that are perpendicular to
the clamping direction (Figure 18). The additional clamping structure added around
the perimeter of the die increases the die's footprint. This increase in footprint
decreases the maximum allowable angle between the sheet and horizontal plane
(pull-off angle) and therefore, reduces the number of parts that can be produced by a
given die. Figure 19 demonstrates this interference. Increases in die support
structure size can be counteracted by using longer pins, which then requires stronger
pins because of the addition of more unsupported length.
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Figure 17: Basic unit pin concept using leadscrew and
acme nut for pin positioning
Figure 18:
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Figure 19: Interference between die clamping structure
and sheet metal
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4.4 Generalized Setup Mechanism Concepts
An innovative design was needed to change the die's shape reliably and
efficiently. The setup mechanism must provide a means of positioning to each of the
2688 pins in the reconfigurable tool. Two main categories of setup mechanisms
were identified.
1) Parallel Setup Mechanisms- each pin has unlimited access to the drive
(positioning) source.
2) Sequential Setup Mechanisms- drive source is available to each pin for a
fraction of the total setup time.
These two categories were kept as general as possible and then narrowed
down during the design process. Ideally, the parallel setup mechanism would be
used because of its potential for high speed setup of the reconfigurable tool. This
statement assumes parallel and sequential setup mechanism components have equal
performance capabilities, mainly with regard to motor speed and torque.
Unfortunately, there was a tradeoff between performance and practical limits on
cost and system complexity.
4.5 Parallel Setup Mechanisms
Intuitively, the shortest die setup time would be obtained by positioning all
pins simultaneously. The parallel setup mechanism allows this type of motion, by
actuating and controlling each pin individually until it reaches its predetermined
height. The calculation of a parallel setup mechanism's setup time is described
briefly below. The following two subsections, 4.5.1 and 4.5.2, describe two parallel
mechanism concepts.
Since all pins are moving simultaneously, setup time, t.,,,,,, is a function of
the longest pin move needed to transform the die from its current shape to the new
die shape. First, the pin height change matrix, A height (i,j), is computed by
subtracting the current die shape, h.r,,e,,, (i,j), from the new die shape, h,,,(i,j).
Note that these die shapes are in terms of pin heights and are 42x64 element
matrices, corresponding to the (i, j) notation.
Ahegh, (i, j) = h,,w(i, j) - hku,,e,,, (i, j) [4.1]
This matrix is then searched for the maximum absolute value. The time
required to move a pin this distance is computed by a function, time, and represents
the total setup time for a given die shape change using a parallel mechanism
(Equation 4.2). The time function follows a basic trapezoidal motion profile-
acceleration to slew velocity, travel at slew velocity, and deceleration to stop. This
model is described in detail in Section 5.3.
tp,setup = time(max[A heigh, (i, j)]) [4.2]
4.5.1 The Ideal Setup Method
In the ideal case, each pin has a dedicated motor and control system (Figure
20). The host computer passes a pin height to each pin controller, which in turn
positions the pin under closed-loop control. Ideal feedback is provided by a system
that measures the true pin tip position, instead of the standard encoder feedback
based on motor position. In rotary encoder measurement, there is a predictable
error associated with the machining tolerances of all the mechanical system
components between the encoder and pin tip. Pin length and base height deviations
add offsets between the unit pins, while variation in true leadscrew lead creates a
varying error source depending on pin height. All these errors are eliminated by
directly measuring pin tip position.
The important characteristic to notice about the ideal system is its similarity
to a precision positioning stage: a leadscrew driven stage (the pin) directly connected
to a drive motor under closed-loop position control via a linear encoder. The
parallel mechanism is created by combining 2688 of these units.
This setup method gives the quickest possible die setup time (assuming pin
velocity is similar to all other concepts), has a high positioning accuracy, and is able
to detect all positioning errors through the use of pin position feedback. Without
reliability and cost issues, this method would be the obvious choice. It's concept
appears to be extremely simple. Even the unit pin mechanical design is
straightforward.
Unfortunately, there are many problems with extending this ideal concept to
the manufacturing floor. The disadvantages of the "ideal" system are unnoticeable at
the unit pin level. The problem is one of scale. The number of components in this
system is very high: in addition to the 2688 mechanical pin assemblies, there are
2688 closed-loop control systems, motors, and encoders. Power and data must be
distributed to all these systems which means many hard-to-reach connectors and
soldered joints. The ideal mechanism is also dependent on* a rapid shape
measurement system to provide simultaneous position feedback for all of the die
pins.
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Figure 20: Ideal Setup Mechanism: unit pin (left) and
mock die
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4.5.2 Common Drive With Clutches
This die setup method positions all pins simultaneously via a common power
transmission rotating at a constant speed. Right angle bevel gears connect the pins
and transmission. Position control is realized by engaging and disengaging an
electromagnetic clutch located between the constant speed drive and each pin (Haas,
1996). Refer to Figure 21 for a basic drawing.
Pin position feedback is provided by one of two general methods: actual
position measurement and time. The more accurate (and expensive) design utilizes
an encoder at every pin (or measurement at every pin tip), allowing for position
feedback. The clutch will be disengaged when the correct position is reached. Using
encoders and clutches is actually more expensive than the ideal method discussed in
Section 4.5.1 and was eliminated for this reason (Haas, 1997).
Another, less accurate positioning method is to monitor the time the clutch
is engaged. The drive system turns at a constant speed and the clutch is
engaged/disengaged in proportion to the positioning distance. This distance is
described by Equation 4.3.
o)
z(t) = It + C, [4.3]
where
o = angular velocity (rad / sec)
1 = lead (inch / revolution)
t = time (sec)
C, = correction factor for i'h clutch
Electromagn
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Figure 21: Parallel setup mechanism using clutches and
common drive (unit pin at left)
Of course, there must be a correction factor, Ci , for clutch engagement and
disengagement time (caused by coil inductance and variation of this property, along
with slippage) and errors in mechanical part dimensions. Using time eliminates the
dependency on encoder feedback, but also creates an open-loop position control
system, which is undesirable (Figure 22). The control loop has no position
information other than the indirect information provided through the integration of
time. There is significant potential for cumulative error in this design.
Pin Height Convert toTimer Disengage
Change Time Clutch
Figure 22: Open-loop pin position control system
4.6.1 General Overview of the Sequential Setup Concept
The sequential setup concept creates a three-dimensional die surface by
stepping through the die with a small group of motors. This group of motors is
mounted on an XY table that is used to index the mechanism (Figure 23). At each
index position, the motors engage to the die pins located directly above. The pins
are positioned and the motor array disengages. The motor array is then indexed to
the next group of discrete die pins.
The sequential setup mechanism consists of an XY table, motors, couplers,
and control system. The setup mechanism can be designed for off-line or on-line
setup. The die used with the sequential system (termed a "passive die") is minimal
and includes the die pins, leadscrews, bearings, and baseplate (refer to Section 4.3,
Figure 17). Regardless of on- or off-line setup, the die is the same.
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Figure 23: Sequential Setup Mechanism
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Figure 24: Sequential setup mechanism layout (off-line
setup configuration)
In off-line setup, the tool is transported between the sequential setup
mechanism and stretchforming press by an automated transfer system (Figure 24).
Automated die transfer (as compared with an overhead gantry) ensures accurate die
positioning both on the machine and setup mechanism, decreases handling time and
reduces the possibility of damage caused by dropping the die during transport.
The on-line configuration places the sequential mechanism on the machine,
underneath the die. Die changeover time is eliminated, reducing setup time to the
time required to position all the pins. Setup mechanism complexity increases due to
the conflicting needs of die underside support during forming, while keeping this
area open during setup.
i
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4.6.2 Sequential Setup
As stated previously, the sequential setup mechanism changes the die shape
by indexing over the die with a small group of pin positioning motors. The number
and configuration of motors in the setup mechanism is generalized as m, x n,. The
die size, m, x nd, has also been defined in variable form, but is 42x64 for the initial
reconfigurable tool. At each "step," the mechanism positions a group of pins that is
smaller than the full die size (and determined by the number of setup motors).
Figure 25 illustrates the sequential setup pattern. Each step is represented by a
square (dotted lines), which has been numbered to show the stepping sequence.
Notice that the dotted line has been drawn outside the die (heavy line). The number
of die pins in the x- and y- directions will not always be evenly divisible by the
number of setup motors. A portion of the motors may not be needed on the edge
steps, creating a reduction in mechanism efficiency. (In actuality, the unused motors
would be positioned inside the die edges to minimize the setup mechanism
footprint.)
Figure 25: Example of a sequential setup stepping pattern
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Each "element" of the m, x n, setup matrix is actually a drive mechanism and
coupler. This setup motor matrix is positioned under an m, x n, matrix of pins. It
then engages to the leadscrews by means of couplers (discussed in Section 5.2) and
positions the pins. After positioning, it disengages and is moved to the next m, x n,
matrix of die pins.
When the setup motor array is connected to an rn, x n, matrix of pins, it is
similar to the parallel mechanisms discussed in Section 4.5. In fact, at each "step,"
the sequential setup mechanism becomes a parallel setup mechanism after the motors
have engaged with the die pin leadscrews. The difference between the true parallel
mechanism and the sequential mechanism is size. The sequential mechanism size is
m, x n, (for example, 4x4) while the parallel mechanism size is md x nd (currently
42x64). The smaller parallel mechanism is extended to cover the full size die by
stepping in a sequential pattern.
Sequential mechanism setup time is calculated by summing maximum pin
positioning times at every step, the time required to index the positioning stage, and
the time needed to engage and disengage the motors with the leadscrews (Equation
4.6). Equation 4.1 is used to locate the maximum pin move required to transform
the die into a new shape. Instead of searching the whole die, the search begins at the
setup motor's current index and expands based on the motor matrix dimensions,
m, x n, . This matrix has been labeled as Aheight'(i.' ,,,, ) . The motion time for
the maximum pin move, tp,,(n), is computed using Equation 4.4. XY positioning
time for each table index is computed using a trapezoidal function,
xytime(dist,axis), that accounts for x or y axis parameters (inertia and available
torque) and the required move distance.
t,, (n) = time(rnax AheighI' (sejup I sel)up [4.4]
t,,,,, (n) = xytime(dist,axis) [4.5]
t,,. = [t pi (n) + tovie (n)] + nfmteng [4.6]
where
n = current sequential mechanism step
nmax = number of setup steps used
iseupj,eup = motor matrix indices
dist = move length for xy table
axis = x or y axis motion
ten, = estimate of engage / disengage time
4.7 Concept Comparison and Selection
Parallel and sequential setup mechanisms both have advantages and
disadvantages. Parallel mechanisms are able to use relatively low rotational speeds
by simultaneously positioning all pins in the die. The disadvantages are mainly the
large number of components required by the setup mechanism, control system size,
and cost.
The sequential setup mechanism uses fewer components than a parallel
mechanism. Using the previously mentioned setup motor matrix example (4x4), 16
setup motors and 3 XY table actuators would be needed versus 2688 motors or
clutches. Each motor or clutch has a control system, so the parallel design has 2688
motion control axes compared to 19 for the sequential design. This significant
reduction in number of parts (over 2 orders of magnitude) is not achieved without
disadvantages. The sequential mechanism must perform an engagement before each
pin can be positioned. The mechanism itself must also be indexed underneath the
die, creating die support issues.
The following sections discuss setup time, reliability, maintenance,
flexibility, ease of die transport, and cost basics.
4.7.1 Setup Time
During sequential setup, the positioning drive is only available to each pin
for a fraction of the setup time. This means that pin positioning must be much
faster than the parallel system in order to approach its speed. The actual ratio, N,
between parallel and sequential setup cycle times is computed using Equations 4.7
and 4.8. Note that parallel mechanisms only go through one cycle.
, = t,, +t ,,, + t, [4.7]
tW pin move eng
N -psetup [4.8]
where
cyc = average cycle time for the sequential mechanism
t,,i = average pin positioning time
t,,re = average XY table move time
teng = average engagement time
tpseup = parallel setup time
N = setup time ratio (allowable number of sequential steps)
For the sequential mechanism to match the die setting speed of the parallel
mechanism, the actual number of steps used, n=, must be less than the allowable
number of steps, N (Equation 4.9). Equation 4.10 describes nmax.
N 2 nmax [4.9]
nm = ceil(!rj e ceil{ -$ [4.10]m, n,
where ceil is a rounding function that always rounds up for remainders
for example: ceil(i1 =
After N has been computed, it can be used to determine the required number
of setup motors, which form an m, x n, matrix (Equation 4.10). As a design note,
sequential mechanism cycle time, r,, must first be minimized. Minimizing T,
will minimize the required number of setup motors by allowing more steps.
For example, using an estimated average XY table move time of 1.0 second,
an estimated average pin positioning time of 1.0 second, an estimated pin
engage/disengage time of 0.5 second, and a parallel mechanism setup time of 10
minutes, Equation 4.8 yields N = 240. The setup motor matrix, m, x n,, must be
chosen to produce an actual number of sequential steps less than 240. For an
md x nd of 42x64 and a setup mechanism matrix of 4x4, n. = 176. In this case, the
sequential setup mechanism is actually faster than the parallel mechanism. A 3x4
motor matrix could be used to reduce cost and complexity. This matrix would
require 224 steps, well within the allowable limits. A performance index, P, can be
used to describe sequential setup time in regards to the parallel mechanism (Equation
4.11).
P nmax [4.11]
While setup time is extremely important, both designs have the ability to
provide acceptable times that are well within the design constraint of under 30
minutes. This means the parallel mechanism has 30 minutes to rotate each pin into
proper position. An estimate for pin positioning time allotted for each sequential
step (assuming the full 30 minutes) can be produced using 176 table moves and a 1.5
second step time. The total time required for XY table indexing is 4.4 minutes.
Assuming 10 minutes total die transport time, this leaves 15.6 minutes to position all
the die pins or 5.3 seconds of positioning time at each sequential step. This is more
than enough time to move the pin a distance of 12 inches or less.
4.7.2 Reliability of the Parallel and Sequential Mechanisms
Regardless of design, every concept must use a pin, leadscrew and nut, and
bearing arrangement (refer to Figure 17). These components have associated failure
rates but, for comparison purposes, the effects are negated by common need in all
three concepts. The ideal setup mechanism has 2688 motors and control systems
with the associated connections. The parallel mechanism, using a common drive
and clutches, only needs one motor but has 2688 clutches and time-based control
systems, not to mention a complex worm gear drivetrain. The sequential setup
mechanism has a significantly reduced number of parts, but requires couplers
between the drive and leadscrew.
One way of increasing reliability is by purchasing parts with higher
reliability ratings, usually resulting in a higher cost. Another more robust and cost
effective method is to eliminate the parts altogether. If the unit pin is minimal,
reliability (Equation 4.12) will be maximized since the components are in series.
Minimization of the unit pin includes reduction of mechanical component numbers
and elimination of control system hardware, including actuators, electronics, and
wiring. Since every pin component with its associated cost and reliability is used on
the machine 2688 times, it is extremely important to simplify.
Pp,, = •i [4.12]
where
P,, = overall unit pin reliability
= 1 - pin failure rate
JP = reliability of ith pin component
= 1- pin component failure rate
n = number of components
As a simple example of reliability problems scaling, Table 1 lists die
reliability for different unit pin failure rates. The table was computed using
Equation 4.13.
Pdie pin [4.13]
where
Pdie = probability of successful die setup
Po,,, = reliability of i'h unit pin
It is important to note that a pin failure is defined as the improper
positioning of a pin including total failure to move and inaccurate positioning caused
by component issues such as clutch slippage, coupling failure, inaccurate
measurement through a time-based control loop, etc.
Pin Failure Rate Die Reliability
1/1,.000 008
1/10,000 0.764
1/100,000 0.973
1/1,000,000 0.997
Table 1: Die reliability based on pin failure rate
4.7.3 Maintenance
Just as in any other design, maintainability is a critical issue with the setup
mechanism. The sequential mechanism is inherently easier to maintain because of
its significantly reduced number of components and open nature. The setup
mechanism is accessed easily. A parallel design will be much harder to maintain
because of its high number of parts and enclosed design. The die must be
disassembled to some degree in order to make repairs to the mechanical and motion
control components.
A modular design used in conjunction with a parallel setup mechanism
increases tool up-time by allowing most die maintenance to occur off-line. When
there is an error, a module consisting of a few pins can be identified and replaced in
the tool. The broken pin module is then disassembled and repaired without
hindering part production. Maintenance time has not been eliminated with this
design, only deferred. The sequential mechanism, on the other hand, is already
separated from the tool and can be accessed without any disassembly. Locating the
mechanism off-line prevents maintenance work from inhibiting production without
the need for modularity. This is not to say that modularity should not be
incorporated into the die. The sequential setup mechanism can still benefit from this
approach: in the rare event that a leadscrew, nut, bearing, or pin fails, a module can
be changed. Another more important advantage to building a modular die is
discussed below.
4.7.4 Flexibility
The initial 4x6 foot die size was chosen because it could produce the largest
percentage of existing parts. There are many parts which can not be produced,
because of dimensional constraints. One solution is the design of a modular tool
(Haas and Sullivan, 1996). If the tool is modular, pins can be added to the die and
subtracted from it. This makes the die much more flexible. The other alternative to
this approach is to use a family of reconfigurable tools, obviously less desirable
because of the cost associated with building reconfigurable dies. If one stretch press
is available, only one die can be used at a time, so the utilization rate for a family of
reconfigurable tools would be low. As an interesting comparison between
reconfigurable tooling and conventional forming dies, imagine the utilization rate of
an aerospace manufacturer's solid die investment. It is extremely low. Currently,
low utilization is considered necessary and is accepted as a cost of doing business.
Either design can be built in a modular fashion. A baseplate must be built
for every die configuration that will be used. Then, modules of a few pins can be
mounted on this plate to form the different die sizes and configurations. A die being
controlled with a sequential setup mechanism also gains an advantage when used
with a family of different sized tools that are being used concurrently. The setup
mechanism can remain detached from the tool. Passive tools are placed on the setup
station and then transferred to the stretchforming press after setup. A tooling family
is an expensive proposition with a parallel mechanism because of the need for a
dedicated setup mechanism for each tool.
4.7.5 Die Transport
Remembering most of the solid dies in existence will not be replaced and that
many part geometries can not be formed using a reconfigurable tool, the ability to
remove the die is extremely important. Both the parallel and sequential concepts are
easily removed. With the sequential design, only mechanical components are
transported. The need for automated die transfer (refer to Figure 24) will decrease
changeover speed and risk during reconfigurable tool to conventional die
changeovers and vice versa. The parallel mechanism, on the other hand, will be
moved by an overhead gantry- a slower system having a higher potential to damage
the die's motion control components. While automation hinders sequential setup
time between reconfigurable die shape changes, the more delicate setup mechanism
components such as actuators and motion control hardware will be located off-line,
away from the potentially damaging loads, impact forces, and vibrations generated
by the forming process.
4.7.6 Cost Basics
For the initial RTFF tool, it can be argued that the parallel and sequential
mechanisms are on the same order of magnitude for cost. The actual sequential
setup mechanism cost is less, but this price advantage is lost because of the need for
an automated die handling system to shuttle the die between the stretch press and
setup mechanism (Figure 24).
Equality of cost is negated with the addition of a second die (or creation of a
die family). Assuming more than one die is needed at the same time, the new
parallel setup die would require new pins, positioning hardware, and controls. On
the other hand, the sequential setup mechanism has already been built. The new die
is a passive die requiring new pins and support only.
The cost savings associated with the sequential setup mechanism increases
further when frequency of maintenance and labor is considered. The sequential
mechanism has over 2 orders of magnitude less motion control axes compared to the
parallel design. Parallel motion control axes are embedded in a module that must be
disassembled for repair, further increasing the cost of maintenance.
4.7.7 Final Remarks and Decision
Inherent simplicity and reliability were the main reasons for choosing to
further develop the sequential setup mechanism in this research. The sequential
setup mechanism drives only a fraction of the die's pins at once, using a fraction of
the motors (or clutches) needed for a parallel design. This creates a setup mechanism
that is much simpler to manage and maintain. By removing the means of rotation
from the unit pin, a minimal design has been achieved.
The large reduction in the number of drives creates three main concerns: the
necessity for coupling between motors and leadscrews, pin positioning speed, and
motor array repositioning. These issues are addressed in the following chapters.
Chapter 5
BASIC SEQUENTIAL SETUP MECHANISM DESIGN AND
DEVELOPMENT
For this thesis, the sequential setup mechanism was chosen as the most
feasible concept to develop. The main design issues are listed below.
1) Design of the unit pin for requirements specific to sequential setup.
2) Coupling between the drive motor and pin leadscrew. This concern includes
both the ability to make the connection and the reliability associated with
the process.
3) Total setup time, which is a function of the individual pin positioning speed,
coupler engagement time, and XY table positioning time.
4) Accuracy of the pin positioning system.
5) Physical space constraints- The setup mechanism must work in a defined
area. Ideally, this area has the same footprint as the die's working surface
(4x6 feet). The maximum size constraint is the footprint of the die's outer
support structure which is TBD. A second constraint is caused by the unit
pin size. The setup mechanism must be able to function or engage within the
1.125x1.125 inch pin section area.
6) XY table positioning speed and accuracy.
7) XY table alignment with the die.
5.1 Unit Pin Design
The unit pin was minimized by eliminating the drive source and
measurement device (encoder). The only parts retained were the pin body,
leadscrew and acme nut, bearings, and retainers. Thrust and needle bearings are used
for the desired high speed rotation (at least 3000 rpm). A unit pin drawing is
included in Figure 26.
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Figure 26: Unit pin design
One of the main advantages of connecting a leadscrew to each pin is the
ability to support forming loads, although leadscrews have the potential to backdrive
when a force acts on the leadscrew nut. Ball screws will backdrive independent of
the screw lead, because of their very low friction. Accordingly, an Acme thread was
chosen for the high frictional forces created by its threads.
However, even Acme thread leadscrews have the potential to backdrive.
Equation 5.1 is a force summation for a leadscrew assembly with a load relative to its
nut and screw (Shigley, 1989). The first term represents the torque necessary to
move the loaded nut in the downward direction. This term is positive for a screw
that will not backdrive. The second term is the torque needed to overcome friction
between the leadscrew flange and mounting plate. This term is always positive.
Fd, f /p d. +sec a- Fp d [5.1]
2 Td,, + lseca) 2
where
F = load acting on pin
d,, = mean screw diameter
= friction coefficient between screw and nut
a = acme screw thread angle (145 deg)
1 = screw lead
p = bearing friction coefficient
dc = mean collar diameter
As a conservative approximation, the second term is dropped. The resistance
caused by the thrust load is very small because of the low bearing coefficient of
friction. Since the denominator of the right hand side is always positive, the
following constraint (Equation 5.2) must be met to prevent backdriving.
1 ru d,,, seca
From a setup time standpoint, it is desirable to maximize lead, allowing for
maximum pin positioning speed (or slower motor speeds for a given pin velocity).
There is a tradeoff between the need to maximize lead and prevent backdriving. As
lead increases for a given diameter and frictional coefficient, a point is reached where
the screw will no longer prevent rotation caused by loading of the Acme nut. This
is unacceptable in the reconfigurable die design since the pin is only under closed-
loop control when the servo motor is connected to it. When the servo motor
disconnects from the pin, the pin location is saved in a memory array. If there is any
rotation of the pin's leadscrew during this time, position is lost.
For the selected 5/8 inch leadscrew diameter (0.57 inch mean diameter), the
standard leadscrew thread angle of 290 included (aC = 14.50), and a brass nut friction
coefficient of 0.35, the maximum allowable lead is 0.65 inches. The selected screw
has a 0.2 inch lead, providing a backdriving factor of safety of 3.2. This factor of
safety is conservative since the actual coefficient of friction varies from 0.35-0.51
(BSA, 1996).
A more subtle problem is vibration, to which all leadscrews are susceptible.
Vibration will make equal attempts at raising and lowering the load, but owing to
gravity, the nut will always tend to lower. This causes a net height loss for each
cycle of vibration, producing a ratcheting effect.
Vibration isolation may be needed on the die, although preliminary tests on
two different leadscrews determined the screws were fairly robust to small vibration
levels. These tests were qualitative, not quantitative. Actual machine vibrations
[5.2]
must be measured. If necessary, a small nylon bushing can be placed on the
leadscrew to provide vibration damping.
5.2 Coupling System Design
Coupling is the most important issue in the sequential setup mechanism
design. The coupler must engage and disengage quickly and easily, transmit the
necessary torque to move the pin, and impact pin positioning performance as little as
possible. The latter of these criteria is important because excessive backlash can
cause an endpoint error when the backlash is located between the pin tip and
encoder.
Torque transmission requirements are governed by viscous damping at the
screw/nut interface, pin to pin friction, and the need to accelerate the pin rapidly to
its maximum speed. This applies for deceleration and braking also, although the
necessary torque will be reduced because of the positive effects of friction. The
motor torque output should be the limiting factor in system acceleration capability,
not the coupler.
The steady state torque transmission requirement is almost negligible when
the coupler is rotated at a low speed. Tests were conducted on a unit pin with a 2½-
20 Unified thread screw (ca = 300) and Berg BR5-3 needle bearing (Schwarz, 1996).
The average required torque at low rpm (less than 10) was 0.14 in-lb with a standard
deviation of 0.06 in-lb. The maximum reported data value was 0.35 in-lb. The data
was rather noisy and the maximum value did not occur at startup as would be
expected. Even the maximum value is a very small torque.
Although the screw is not exactly similar to the proposed 5/8-10 2-start
Acme screw, the results are useful as a rough estimate. The ½-20 screw will require
a higher torque than a similar ½ inch Acme screw because of its increased included
thread angle, ac. On the other hand, a h inch diameter screw will require a higher
rotation torque than a similarly threaded 5/8 inch screw.
The coupler will be exposed to maximum torque during initial acceleration
of the leadscrew (and die) pin. The majority of this torque is supplied for
acceleration since the maximum torque exhibited at low speed (0 to 10 rpm) was
0.35 in-lb. As the screw velocity increases, the torque due to viscous friction
increases. Therefore, the maximum torque transmitted by the coupler occurs just
before slew speed is reached (Equation 5.3).
r = Jco + bco [5.3]
where
r = required torque
J = total system inertia
b = viscous damping coefficient
co = angular velocity
5.2.1 Chosen Coupler Concept and Issues
As stated above, the coupler must engage quickly while allowing for
repeatable power transmission. A hex/12-point socket combination was chosen
because of its almost unlimited torque handling capability. The hex shape (male) is
machined onto the underside of the leadscrew which protrudes through the discrete
die baseplate (Figure 27).
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Figure 27: Leadscrew and coupler
Other coupling methods were investigated (Thurow, 1996). Several
prototypes were built and tested including magnetic, friction, and rubber expansion
couplers. Two types of friction couplers- disc and taper- were evaluated.
The taper performed the best out of the group, but would not be reliable in a
factory environment. Torque transmission starts to decrease when the coupler
halves are offset by more than 0.005 inch (Thurow, 1996). This is a severe limitation
when multiple couplers must be engaged simultaneously. Added to variations
between coupler and leadscrew centers is the XY table positioning error. The taper
coupling would significantly complicate setup mechanism design because of its need
for relatively high engagement accuracy.
This coupler depends on proper alignment and surface finish for adequate
torque transmission. Ideally, the taper's torque transmission is governed by
Equation 5.4 (Shigley, 1989). Taper geometry is illustrated in Figure 28.
F*,uF-n (D + d) [5.4]4 sin a
where
r = torque transmitted
F = axial force
P = coefficient of friction
a = angle between taper and vertical
D = max taper diameter
d = min taper diameter
Hd
ALPHA
Figure 28: Taper coupling geometry
The locking taper is extremely simple to engage. It engages at an infinite
number of angular orientations, but has a limited torque handling capability
(Equation 5.4). An axial force (usually an impact force) is supplied between the two
coupler halves, creating a locking effect (Figure 29). All engagement (and
disengagement) forces acting on the coupler are directed along its rotational axis.
This property will not cause leadscrew rotation during the engagement process and
is this coupling method's greatest asset. The previous point is extremely important
since any relative rotation between the coupler halves will cause a positioning error.
tF
Figure 29: Taper coupler
The continuum between parallel and sequential setup mechanisms becomes
evident while investigating coupling methods. With the use of any of the friction
coupler alternatives, the connection between the drive motor and pin leadscrew is
nothing more than a type of clutch. After initial evaluations, it was realized that
coupler torque transmission must be 100% reliable, hence the only option was the
direct drive coupling. The hex/12-point combination was chosen for its robustness
and relative ease of engagement in comparison with other direct drive couplings.
The hex coupler's main disadvantage arises from the nature of direct
engagement couplers: they have a discrete number of engagement points. Limited
engagement points create two problems both stemming from the need to locate a
specific region where the coupler halves will mesh. The first of these problems is the
obvious one: the coupler will not engage unless properly aligned. The second
problem may not be as obvious. If misaligned (see Figure 30), the coupler can
actually cause rotation of the leadscrew before the coupler has engaged. The torque,
Te,t,, that causes this rotation is the effect of the axial coupler force, F,, acting at a
radius, r, on the leadscrew corners (Equation 5.5). If the torque caused by rotating
the coupler is greater than the total resistive torque created by friction within the
unit pin, the screw will rotate. The coupler halves will not rotate relative to one
another.
o,, =r Far [5.5]
The state of zero relative rotation mentioned above is indefinite if there are
no disturbances present and causes engagement of the coupler to fail. Friction-driven
rotation must be avoided. This is done by ensuring the axial force, and
therefore ze,,, is kept low. Reducing the friction coefficient between the two coupler
halves will also produce the same effect. Ideally, the force or coefficient of friction
would be zero, eliminating the possibility of driving the leadscrew during coupler
engagement.
POINT CONTACT
Figure 30: Coupler interference and the associated point radius
The leadscrew must not be allowed to rotate during engagement unless a
system capable of measuring the true pin tip position is used. Otherwise, there is no
way to accurately monitor friction-driven rotation when using a motor-mounted
encoder to measure pin position. Position sensors can be used to determine whether
or not the couplers have engaged, but this method does not yield any pin height
data.
Once the hex and socket are coupled, there is also a concern about backlash.
In Figure 31, two leadscrew positions have been drawn to show the amount of
relative motion that can occur between the two coupler halves. Backlash directly
effects pin height error. If backlash can be eliminated, direct engagement can be
implemented with no loss in positional accuracy.
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Figure 31: Backlash between the coupler and leadscrew
5.2.2 The Backlash Problem
If the coupling had zero backlash, the unit pin system would have one
equivalent inertia consisting of the motor shaft and leadscrew inertia. The block
diagram for this system is very simple (Figure 32). The gain "K" (Equations 5.6 and
5.7) represents the factor for conversion from rotary encoder measurement to the
actual pin height. Assuming a constant offset has already accounted for pin length
variation, etc., position measurement uncertainty is limited to uncertainty in the
true value of screw lead, 1.
z = KO
K- 12rK-2K r
[5.6]
[5.7]
where
z = pin height (inches)
0 = angular rotation (radians)
K = gain
I = leadscrew lead (inches)
(G)
Figure 32: Conceptual block diagram for ideal case
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Figure 33: Conceptual block diagram including coupler
backlash
However, with backlash, there is a dead-band in which the motor can rotate
and produce no effect on the system output. Also, the inertia reflected to the motor
shaft will vary. When the motor is not connected to the leadscrew, the equivalent
inertia consists of the coupler and motor shaft. When the system is engaged and
moving in one direction, the inertia consists of the motor shaft, coupler, and
leadscrew. If the motor reverses direction, the initial reflected inertia will consist
only of the coupler and shaft during the backlash window.
Assuming no knowledge is available about the angular position of the
leadscrew, the relative position between the coupler halves at engagement is random,
making the effect of backlash a random event. The mean of the error will be half
the backlash since the coupler is always rotated in the same direction during
engagement. Ignoring backlash results in a position error directly related to the
amount of backlash initially present. For example, if there is a 4 degree backlash
between the two engaged couplers and the leadscrew is rotated more than 4 degrees,
the result will be a 4 degree rotational positioning error. For a 0.2 inch lead, the
angular backlash translates into a positioning error of slightly more than 0.002
inches.
Backlash error is cumulative, resulting from the fact that the coupler is
always rotated in the same direction for engagement purposes- the direction required
_ _··_· 1 11__~1
z(t)
to raise the leadscrew. (Rotating in this direction increases resistance of the
leadscrew to friction-driven rotation during coupler engagement. Refer to Section
5.2.1) Backlash will always be greater than zero, creating a negative position error.
A Matlab simulation was used to demonstrate accumulated positioning error.
The maximum coupler backlash used for the simulation was 7 degrees, which
corresponds to the test apparatus described in Chapter 6. Random numbers between
0 and 1 were generated and then multiplied by the maximum backlash value. Ten
iterations were completed to simulate 10 engagement cycles. The result of each
iteration was totaled with the sum of previous iterations to produce a simulation of
the cumulative effects of backlash (Figure 34).
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Figure 34: Pin position error accumulation caused by
uncompensated coupler backlash during the engagement
process
Backlash is also a potential problem during pin positioning system settling
time. If the positioning system has any overshoot, the servo motor will properly
position its shaft, but because of backlash, the pin position will not follow the shaft
motion completely. When the direction of motor rotation reverses, the system
backlash creates a delay in pin response. If the reverse motion is larger than the
backlash, there will be a pin height error corresponding to the maximum backlash of
the system, while a smaller move will produce no pin motion. Therefore, the final
steady state position will be higher than desired due to backlash.
An oscillatory positioning system will be affected by backlash when
overshooting and undershooting the reference position. After settling, the
maximum pin error will still be the vertical displacement corresponding to the
system backlash, but the error can now be positive or negative depending on the last
direction of motor reversal.
Backlash can also cause motor stability problems because of the changes in
inertia reflected to the motor. The reflected inertia increases by a factor of 2.5 when
the coupler is engaged with the leadscrew and backlash has been eliminated. A
position gain that is acceptable for the rigidly connected system may cause instability
when used for the motor only and for the motor coupled with the leadscrew at rest.
Choosing stable gains for the motor alone produces sluggish system performance
and, therefore, longer positioning times.
For the above reasons, two sets of gains should be used to maintain stability
while maximizing positioning speed. One set of gains is implemented when the
motor is disconnected from the leadscrew and while coupled but not moving. When
positioning begins, a more aggressive positional gain can be used to maximize
positioning speed. Using this second set of gains is made possible by the additional
inertia and viscous damping provided by the leadscrew nut and bearings.
5.2.3 Backlash Compensation- Torque Sensing Method
The disadvantages of backlash have already been discussed. There is also one
advantage: increasing backlash makes coupler engagement easier by increasing the
clearance between the male and female components. As backlash increases, the two
coupler halves will engage for a higher percentage of their relative orientation.
(Eventually a point is reached where the coupler will engage at all angular positions
and will not drive.)
Backlash creates an engagement "window"- a region in which the coupler
will engage without any relative motion between the coupler halves (see Figure 31,
"backlash angle"). This means the coupler does not need to be positioned exactly for
immediate engagement. It only needs to be within the clearance window to engage
without any rotation, eliminating settling time and allowing for high speed coupling.
If there is a way to compensate for backlash, the disadvantages will be negated and
the ease of engagement kept.
In this thesis, torque sensing is proposed to eliminate coupler backlash. By
sensing the change in motor torque between deadband rotation and engagement, the
angular deadband can be measured in real-time. The actual system works as follows.
When the coupler is engaged (i.e. the coupler halves have meshed together), the
controller switches from position feedback to torque feedback. A constant
rotational speed is maintained. When the system backlash is eliminated, the torque
output of the motor jumps because of the constant angular velocity constraint
(Figure 35). The torque rise signifies that backlash has been eliminated. The
encoder position is then set equal to the pin height stored in memory (in rotary
units) and pin positioning begins.
Using this method makes the coupling system independent of backlash and
independent of wear. The controller is not dependent on backlash information or
variation, but rather a jump in torque. Active compensation creates a flexible system
that can compensate for wear in the coupler and leadscrew end as components age.
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Figure 35: Idealized torque history for rotation through
coupler backlash to steady rotation of leadscrew (constant
velocity motor rotation)
Torque sensing is active in only one direction, the direction required to move
the pin upward. The overshoot problem discussed in the previous section is not
eliminated by torque sensing and can still effect positioning performance. For this
reason, the system must be tuned to be critically damped (damping ratio = 1).
In combination with torque sensing, the pin is always moved to its final
position with an upward displacement. A downward move of the pin moves the pin
to a position slightly below the desired location and then approaches the final
position from below. The difference between the actual position and the slightly
lower position must be greater than the displacement associated with backlash to
negate its effects. If this procedure was not implemented, an error equal to the linear
backlash would occur when the pin was moved to a lower location. This error
would leave the pin in a higher than desired position.
5.2.4 Engaging and Disengaging the Hex Coupler
The coupling procedure for the hex coupler is straightforward on a unit pin
basis (Figure 36). It is similar to the procedure a human follows when placing a
socket wrench on a nut. The coupler is rotated slowly while a slight force is used to
press it against the underside of the leadscrew. When the two coupler halves are
aligned, they slide together. The torque sensing procedure described in the previous
section is then used to eliminate backlash. The encoder position is set and the pin is
positioned.
Figure 37 depicts the disengagement process. To disengage the coupler, pin
motion must stop. The coupler is then rotated in the reverse direction to eliminate
coupler contact that could cause a position error when the coupler halves are
separated. Next, the coupler is removed from the leadscrew by moving it
downward, or away from the leadscrew.
Figure 36: The engagement process
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Figure 37: Disengaging from the leadscrew
5.3 Unit Pin Model
A model was needed to estimate total die setup time for various parts. The
basis for this model is a unit pin model that accurately predicts the time required to
move the pin a giyen distance. The unit pin model can then be extended to estimate
full scale die setup time using the summing method described in Section 4.6.2.
To determine the necessary level of modeling needed, the system's time
constant was compared to an estimate of positioning time. The dynamics model
consisted of the motor inertia, leadscrew inertia, and screw friction with an
efficiency added for the leadscrew nut.
Jeq + b =T [5.8]
For the unit pin design described in Chapter 6, the total system inertia is
3.637 x 10-3 oz -in -sec 2 (Appendix A). As a rough estimate of viscous damping, a
coefficient of 0.2 ' was assumed, corresponding to 64 oz-in (4 in.lb) of torque
at 3000 rpm. The Laplace transform of the above equation is
T(s) 1
0 (s) - s(3.637 x 10-3s + 0.2)
The time constant of this system (with respect to velocity)
J 3.637 x 10-3
is T - 3.637 = 0.018sec, a very small number when compared with a 1b 0.2
second positioning time (1.8%). This result allows the dynamics of the system to be
neglected when making positioning time estimates.
Another reason for neglecting system dynamics in setup time estimates is the
high torque to inertia ratio. Very large accelerations and decelerations are possible
with this system. Using a typical torque for a small high performance motor and the
total reflected inertia, the acceleration potential of the system can be computed.
T 135 oz in
a 2- 3.712 x 104 rad / sec2  [5.10]
J 3.637 x 10-30 z - in . seC2 -
For the above reasons, it was possible to assume the pin's motion follows the
command signal exactly when developing a setup time estimator (especially if the
command is trapezoidal rather than a set point). A standard trapezoidal motion
profile was assumed for modeling (Figure 38). No smoothing was incorporated for
acceleration and deceleration profiles. In other words, pin acceleration jumps from
zero to a predetermined value rather than smoothly ramping from zero to this value.
Once again this assumption was made for modeling purposes only. Smooth
transition between acceleration and deceleration rates causes a negligible effect on
setup time, not system dynamics. Actually implementing this approach would
expose components to high initial loads.
Note that the trapezoidal motion profile shown in Figure 38 is generalized.
The constants in this profile are the initial and final velocity slopes, along with a
maximum velocity, v,•,. If the required pin move is shorter than the acceleration
and deceleration distances, the resulting motion profile is triangular (the top of the
trapezoid has zero length). Refer to Figure 39.
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Figure 38: Trapezoidal motion profile
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Figure 39: Short move (system unable to reach slew
velocity in required travel distance)
A given move distance, z, is described by the following equation.
1 2 1
z -2at. + V,.ewt.,e w + -dt [5.11]
where
z = pin height change (inches)
a = acceleration (in / sec 2)
d = deceleration (in / sec 2)
to = acceleration time (sec)
td = deceleration time (sec)
vew = slew velocity (in / sec)
tw = slew time (sec)
The values of acceleration, deceleration, move distance, and maximum
velocity, vsie,, are known. The unit pin model calculates the times to, td, and tew,
based on these parameters. Two criteria are used for computation of acceleration
time- the time needed to reach slew velocity and the time required to move a specific
fraction of the total move distance based on pin acceleration and deceleration rates.
For deceleration, the first criterion is changed to the time needed to slow from slew
velocity to zero velocity.
The velocity criterion is used when the required move is long enough to
allow acceleration beyond the allowable limit. This scenario corresponds to Figure
38, where the velocity has been limited by limiting acceleration time. The distance
criterion is used in the opposite case. When the move is too short for the system to
reach slew velocity, acceleration and deceleration times are limited by the actual
move distance (refer to Figure 39).
For generalized acceleration and deceleration rates, the maximum
acceleration distance is defined by Equation 5.12. The velocity at the end of
acceleration equals the velocity at the onset of deceleration.
ata = dtd [5.12]
This equation can be rearranged to define deceleration time in terms of the
ratio between acceleration and deceleration multiplied by the acceleration time
(Equation 5.13).
td = t [5.13]
Equation 5.13 is substituted into Equation 5.11 with t,,. = 0. The result is
an expression for total distance (the pin move) in relation to one variable,
acceleration time (Equation 5.14).
2I 2 + a 2 [5.14]
z=Tata + dt [5.14]
The proportion of the total move that can be utilized for acceleration is then
term 1 of Equation 5.14 divided by Equation 5.14. Term 2 is divided by Equation
5.14 to determine the ratio used to compute deceleration distance. Acceleration and
deceleration distances are computed by multiplying the ratios with the total move
distance, z (Equations 5.15 and 5.16).
d
z d - +a [5.15]d+a
Zd -d+a [5.16]d+a
where
za = acceleration dist. (inches)
zd = deceleration dist. (inches)
As an intuitive check on the previous result, consider a system with equal
acceleration and deceleration rates completing a move that is too short to allow slew
velocity to be reached. Positioning time is minimized using the distances defined by
Equations 5.15 and 5.16. In this case, both ratios are ½ the move distance- equal
distances are allotted for acceleration and deceleration. The resulting motion profile
is an isosceles triangle. Now assume acceleration is 3 units/sec2 and deceleration is 1
unit/sec2. Acceleration distance is /4 of the move length; deceleration distance is 3/4.
Compared to deceleration, the higher acceleration requires less distance to change
the system's speed.
The distance and velocity criteria are evaluated for the acceleration and
deceleration phases of the trapezoidal motion profile (Equations 5.17a - 5.20). In
each case, the minimum of these two criteria is chosen to prevent excess velocity or
too large a pin move. After acceleration and deceleration times have been
computed, Equation 5.21 is used to calculate the required motion time at slew
velocity.
Computation of acceleration time:
ta = time to reach allowable acc. travel [5.17a]
ta2 = a time to reach slew velocity [5.17b]
[5.18]
Computation of deceleration time:
tdl =
d
time to reach allowable dec. travel
time to decelerate to stop
td= nmin(td,,td 2 )
[5.19a]
[5.19b]
[5.20]
Computation of slew time:
z - ata - Idtd
tvew =-
sdew
[5.21]
After computing the required acceleration, deceleration, and slew velocity
times, the total pin setup time, t , is simply the sum of these values (Equation 5.22).
t = ta + td + tew [5.22]
A Matlab function was used to evaluate the above equations, yielding setup
time estimates for varying move distances. The following inputs were used:
1) Acceleration rate: a = 60 in / sec 2
2) Deceleration rate: d = 20 in / sec 2
to = min(ta, ta2)
rpm 3000 0.2= insec3) Slew velocity: v, 60 pitch 0.2 = 10 in / sec
Figure 40 plots positioning time versus the distance moved for the above
inputs. Notice that when the move distance becomes long enough to reach slew
velocity, move time increases linearly with distance. The minimum move distance
required for the system to reach slew velocity during positioning is defined by
Zmin = (at,2 + dt 2) [5.23]
The effect of slew velocity adjustments is visible in Figure 41. As expected, a
larger slew velocity will decrease pin positioning time. The slope of the linear
section of the time vs. move distance line is the slew velocity itself- inches/sec.
Notice slew velocities are labeled on the plot in rpm. The true velocity limit is not a
linear speed, but the limiting speed of the motor. In the current design, this limit
has been held to the motor's continuous operating speed of 3000 rpm.
move distance (in)
Figure 40: Positioning Time vs. Distance
system; Vs = 3000 rpm)
Moved (actual
move distance (in)
Figure 41: Effect of changing slew speed on positioning
time
Chapter 6
HARDWARE TESTING AND MODEL VERIFICATION
The main concerns with sequential setup are the coupler and engagement
process, both of which can be addressed at the unit pin level. A unit pin prototype
was designed, built, and tested to prove the pin design and verify the unit pin model.
This testing assumes the XY table has already been positioned correctly underneath
the pin, since XY tables are a proven technology and were not considered necessary
for proof of the sequential concept. Specific information obtained in the tests
provided coupler engagement and pin positioning performance data. More
generally, overall design improvements were made based on problems encountered
with the actual system.
6.1.1 Description of Unit Pin Test Apparatus- Mechanical Components
A basic test box consisting of 9 discrete die pins and a support structure
was provided by the Advanced Technology Development Center at Northrop
Grumman. The pin box was modified to allow for sequential setup trials. (See
Figure 42, Figure 43, and Figure 44.) The 3/4 inch thick, steel pin box contains 9
pins arranged in a 3x3 matrix. The outer 8 pins have a 1 inch square cross section
and are 16.75 inches long. These pins are solid steel and do not move. The center
pin in the 3x3 pin matrix is an actual discrete die unit pin. Made from a 17 inch
piece of thin-walled box section, it has a bronze acme nut (BSA, BN2-6210) press-fit
into its underside (refer to Section 5.1, Figure 26). The nut, which is
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Figure 42: Unit Pin Test Apparatus
SOLENOID
VALVE
PRESSURE
REGULATOR
TO AIR SUPPLY
Figure 43: Unit Pin Test Apparatus (side view)
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Figure 45: Modified acme nut
originally cylindrical, was machined to produce 4 flat surfaces on its sides (Figure
45). A small lip was left at the lower end for proper location inside the pin body.
A 5/8-10, 2 start acme leadscrew (BSA, SRA2-6210) is threaded into this nut
and protrudes through the baseplate. Figure 46 is a drawing of the prototype
leadscrew, while the actual leadscrew end is visible in Figure 42. A needle bearing
(Torrington, BH-68) sandwiched between two thrust bearings (Torrington, NTA-
613) and thrust washers (Torrington, TRB-613 and TRC-613) is used to support the
lower end of the leadscrew. Refer to Figure 42 for general baseplate location and to
Figure 47 and Figure 48 for details.
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Figure 46: Prototype leadscrew (5/8-10, 2 start acme)
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Figure 47: Pin Box Baseplate
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Figure 48: Leadscrew end and 12-point hex coupler
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The bottom side of the leadscrew is machined in the shape of a hex (Figure
46 and Figure 48). This is the upper half of the coupler discussed in Section 5.2.1.
The bottom half of the coupler (Figure 48) consists of a 12-point socket (Sears
Craftsman, 3/8 inch 12-point) and flexible coupling (Helical, ACR 112-16-12). The
coupling is needed to absorb the parallel and angular misalignments between the
servo motor shaft and leadscrew end. Without this link, vibration induced during
rotation would cause the system to wear out or fail quickly.
The coupler is directly connected to the servo motor (Yaskawa, SGM-01B-
314), which is mounted on an aluminum plate. The servo mounting plate is shown
in Figure 49. This plate is moved in the vertical direction by a pair of linear slide air
cylinders (American, P750S50-2-RPT), providing the necessary motion for coupler
engagement.
Engagement force is kept low to reduce the possibility of driving the pin
before the coupler has engaged (refer to Section 5.2.1). Air cylinder operating
pressure is set at 14 psi by a pressure regulator, which produces an upward force of
approximately 10 lbs after compensating for motor and mounting plate weight.
The cylinders have two states- up and down- and are controlled by two
solenoid valves. Sinking-type Hall effect switches (American, M26SL) are mounted
on each cylinder, performing the same function as a limit or proximity switch. Two
sensors (one per cylinder) are placed in the "up" position and are tripped when the
servo plate moves into this position, signifying engagement of the coupler halves. A
pair of Hall effect switches also signifies when the servo is in the full "down"
position. This ensures that the coupler has disengaged from the leadscrew after the
cylinder pressure has been reversed. In the full scale tool, XY table motion would
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only be enabled when the "down" position is sensed, eliminating the possibility of a
catastrophic failure.
A
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Figure 49: Servo Mounting Plate
6.1.2 Unit Pin Test Apparatus- Motion Control System
The Yaskawa SGM-01B-314 motor mentioned in the previous section is a
high performance AC servo motor. It was selected for its high torque to footprint
ratio, because of space limitations. Another important characteristic of the motor is
low weight, which reduces the inertia reflected to the XY table and z-stage air
cylinders. Key characteristics are listed below.
1) Maximum torque: 135 in-lb
2) Maximum speed: 4500 rpm
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3) Footprint: 1.57x1.57 in
4) Length: 3.72 in (excluding shaft length)
5) Weight: 0.55 lb
6) Integral 2048 pulse per revolution encoder (8192 after quadrature
decoding)
The Yaskawa servo is powered by a pulse width modulated (PWM) smart
drive (Yaskawa, SGDA-01BS). This digital drive is used for speed and torque
control. Parameters such as gains, maximum speed, and maximum torque can be
programmed using a hand-held remote. The remote is also used for initial system
testing and troubleshooting. It returns drive error messages and is a convenient
monitor for important system characteristics such as speed and torque.
Conventional systems use an amplifier, which serves to amplify the
command signal created by the motion control card (Galil, DMC-1000). Encoder
information is connected directly to the motion control card (Figure 50). The smart
drive, on the other hand, creates a second loop in the control system (Figure 51).
The Yaskawa drive contains a RISC processor, providing the user with additional
control over system parameters, some of which are redundant with the motion
control card. The drive can also be configured to be totally transparent to the
motion control card, approximating a conventional system and, therefore, allowing
the card to maintain full control.
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Figure 50: Conventional motion control setup
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Figure 51: Smart drive configuration
The Galil DMC-1000 controls the servo motor and solenoid valves. The
motor is under true closed-loop control, while z-stage control is of a discrete nature.
The "up" and "down" cylinder position is monitored through the Hall effect switch
states.
The user interface (Galil, WSDK-1000) is Windows-based. Control code is
written in a text editor and then downloaded to the controller. Diagnostics can be
performed from the computer terminal, as well as "manual" operator control of the
device. Manual in the sense that the operator is able to type in commands and have
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the system respond in real-time. For instance, the motor can be jogged or the
cylinders raised and lowered.
6.2 Experimental Preparation
Before beginning experimentation, the actual test coupling backlash was
measured using the motion control cards and software. The coupler was engaged
and rotated in a clockwise direction (viewed from top of pin matrix) until the dial
indicator was observed to move downward. This eliminated system backlash in the
reverse direction. The encoder position was set to zero, then the motor was rotated
in the reverse direction in very small position increments. When the dial indicator
moved slightly, the coupler had rotated through its backlash window. The encoder
position was recorded and translated into a corresponding linear pin distance.
1 rev
Linear backlash = 160 encoder counts x 8 x 0.2 in / rev = 0.0039 in8192 counts
The measured backlash in encoder units was 160 counts, or 0.004". While
possibly an acceptable error for one pin positioning, this error will accumulate
quickly if uncompensated.
Torque compensation was implemented on the test apparatus as described in
Section 5.2.3. When leadscrew inertia and pin friction were reflected to the motor
shaft, torque output of the drive increased, signifying coupler backlash had been
eliminated. The torque rise varied considerably because of position dependent pin
friction variation. Also, there was a significant amount of noise caused by coupler-
leadscrew interaction. For this reason, an initial rise could not be used as an
indicator of zero backlash. Instead, a threshold torque value was chosen that was
larger than the torque caused by coupler-leadscrew interaction, while at the same
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time less than the torque required to drive the leadscrew. The actual threshold value
used in the experiments was 2.7 in-lb (Galil command voltage of 0.2 v). In a multiple
pin system, this value must be set between the largest coupler-leadscrew interaction
torque and the smallest leadscrew drive torque to ensure proper coupler engagement.
Figure 52 is a torque vs. time plot for an actual coupler engagement. The
steep slope at approximately 1 second signifies the coupler has made contact with the
leadscrew. Torque increases as the drive attempts to maintain a constant speed of
rotation.
-a
CE
0*
0
time (sec)
Figure 52: Torque rise associated with elimination of
deadband and start of leadscrew rotation during coupler
engagement (coupler rotation at 6. 1x10 3 rps)
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6.3 Experimentation
Five tests were conducted with the 9 pin box. They were:
1) Coupler engagement time
2) Coupler engagement repeatability
3) Pin homing repeatability
4) Pin positioning repeatability
5) Pin positioning time
Times were measured using the WSDK-1000 software. Tests involving
distance were performed using a dial indicator located at the unit pin tip, allowing
the effect of backlash to be measured. Pin positioning accuracy could not be tested
because of the need for an absolute reference system.
6.3.1 Engagement Time
Engagement time is the time between the beginning of coupler rotation and
elimination of coupler backlash. Engagement is complete when the torque sensing
procedure detects a torque rise that has exceeded the threshold value ( a value of 2.7
in-lb was chosen). The engagement sequence steps are listed below.
Engagement Sequence
1. Coupler begins to rotate slowly (1.8 rpm).
2. Motion control card output signal moves both solenoid valves to "up"
setting, compressing the helical coupler and applying a constant upward force
on the underside of the leadscrew hex.
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3. When the hex and socket are aligned, the coupler moves into the full "up"
position.
4. Two Hall effect switches are activated. The motion control card detects a
change.
5. Controller switches to torque sensing mode. Motor continues to rotate until
a torque rise is detected.
6. Motor stops rotating.
To quantify the effects of rotational misalignment between the coupler
halves, ten test cycles were conducted for each of five different angular offsets- 0 deg,
5 deg, 10 deg, -5 deg, and -10 deg. A test data summary is given in Table 2, while all
test data is included in Appendix B.1. The shortest engagement time was 174 ms
with a standard deviation of 21 ms and corresponded to the zero degree (aligned)
engagement test data.
While the zero degree engagement time was the shortest, the longest time
corresponded to an angular misalignment of 5 degrees past the zero backlash
position. The mean of these 10 test cycles is 1.20 seconds with a standard deviation
of 0.38 seconds. Poor performance was expected because, out of the misalignment
values tested, the 5 degree position requires the largest rotation to reach the next
engagement position. Using the measured coupler backlash of 7 degrees, the
necessary rotation is 18 degrees. At 1.8 rpm, this translates into an expected delay of
1.67 seconds. The actual delay is less than this amount because of the coupler's
chamfered edges and flexibility in the rotational direction.
Expected engagement time for the full scale system (174 ms, std. dev. of 21
ms) corresponds to the zero degree results. Other offsets were checked to give worst
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case estimates. It is unrealistic that the coupler will need to rotate 5 or 10 degrees
from the expected engagement position. If it does, the pin has changed position
since the die shape was last changed and the pin will be homed by an error handling
routine.
Table 2: Engagement time averages and standard
deviations for different initial alignments between coupler
halves
6.3.2 Engagement Repeatability
The engagement repeatability tests were used for two purposes. The first set
of experiments verified the ability of the torque sensing procedure (described in
Section 5.2.3) to reject backlash-induced pin positioning error. To accomplish this,
10 test cycles were run at zero and -5 degree offsets. In this region, the coupler
halves slide together immediately, eliminating sources of error that could cover true
torque compensation performance. The second set of test cycles checks worst case
engagement capability. During these tests, the coupler must first rotate while
pushed against the leadscrew, adding a possible error source. Relative rotational
offsets of 5, 10, and -10 degrees with respect to the zero backlash position were
tested.
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For zero degree engagement, the largest pin motion detected while
eliminating backlash was 0.00025". To verify that backlash had been eliminated, a
programmed move of 0.0005" was sent to the controller. In all cases, the dial
indicator moved approximately 1/2 thousandth of an inch, meaning that the torque
monitor was successful in eliminating coupler backlash. For small moves, torsional
flexibility of the coupler and system friction become noticeable. Minor stick slip
behavior was observed for moves in the sub-1/2 thousandth of an inch range.
Engagement repeatability reduces when the coupler halves must experience a
relative rotation before sliding together. The average for the 5, 10, and -10 degree
tests was -0.0016 inch. The negative value (height reduction) was attributed to the
chamfered coupler edges. As the coupler rotated toward the engagement point, the
chamfered edge made contact with the leadscrew. The constant upward force acting
at the chamfer angle caused a slight back-rotation of the leadscrew. Notice the data
averages for the three different angular offsets were similar, supporting the chamfer
theory (Table 3). Data that varied for different offset angles would have disproved
this theory. (Complete repeatability data is located in the Appendix B.2.)
Table 3: Engagement repeatability for different initial
coupler alignments
As mentioned above the ideal engagement point is within the 7 degree
backlash window. The tests suggest that if anything, the coupler should be rotated
slightly in the negative direction with respect to the zero backlash position before
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Offset (deg) Average (0.001") Std. Dev. (0.001")
-5 0.0 0.1
-10 -1.5 0.3
... 5 ..- 1.. . 6-0.4-
10 -1.7 0.4
engagement. This ensures that the coupler halves will not connect just after the
engagement point, thereby eliminating the effects of the coupling chamfer. An
improved coupler design could also make the system more insensitive to initial
coupler orientation.
6.3.3 Pin Homing Repeatability
The accuracy of the reconfigurable die depends on a repeatable pin homing
process. In a system that uses encoder measurement, the "home" position is the
reference position for all other pin moves. Any variation in homing directly effects
pin position accuracy and, therefore, final die and part shape. The sequence used to
home the test apparatus is described below.
Homing Sequence
1. Coupler rotates in the CW ("up") direction.
2. Motion control card output signal moves both solenoid valves to "up"
setting, applying a constant upward force on the underside of the leadscrew
hex.
3. When the hex and socket are aligned, the coupler slides into the full "up"
position.
4. Two Hall effect switches are activated. The motion control card detects a
change.
5. Motor rotation direction is reversed and speed is increased.
6. Pin is moved to 0.050" from bottoming out on the die baseplate.
7. Speed is reduced.
8. Torque limit is reduced to 20% of the motor's rated torque.
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9. Torque sensing is enabled.
10. When torque rises to 6.75 in-lb (0.5 volt command signal), the motor stops
rotating.
11. Machine zero is set.
12. Torque limit is set at maximum level (330% rated torque, about 16 times
torque used at end of down move).
13. System ready to begin pin positioning.
The test pin was homed 17 times using the above procedure and run up to
the zero position (arbitrarily set at 1.2" from the bottomed-out position). The dial
indicator was set up at the zero position to observe the repeatability of the homing
cycle. The average deviation was 0.0003" with a standard deviation of 0.0002". The
maximum observed deviation was 0.0006". (Data in Appendix B.3.)
Note that homing repeatability is the same as the repeatability of the first pin
positioning after homing. The next set of tests quantifies the cumulative error
associated with repeated pin height changes without homing in between.
6.3.4 Pin Positioning Repeatability
Pin positioning repeatability was tested as a check on positioning
performance. Two different tests were used. The first set of tests was conducted
with the coupler engaged at all times. Three move distances were tested- 3.75, 6.00,
and 10.00 inches. The acceleration rate, deceleration rate and maximum velocity
were set at 60 in/sec2 , 20 in/sec2 , and 10 in/sec, respectively. For each of the three
distances, 5 data sets were collected with 10 test cycles run in each data set. The pin
was homed before collection of every set of ten data points. An initial run was used
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to establish a reference point on the dial indicator, then the ten cycles were executed
according to the sequence listed below. The coupler halves are always in the engaged
position.
Pin Positioning Repeatability Sequence 1
1. Execute torque sensing procedure.
2. Move pin to position.
3. Pause allowing operator to read dial indicator and record measurement.
4. Move pin back to initial (zero) position.
The largest deviation measured over 150 samples was 0.0005". Table 4
summarizes the test results. Data was well below 0.001". All test data is recorded in
Appendix B.4a and is expressed as a deviation from the reference position in each set,
not an absolute error. The data is summarized in Table 4.
Table 4: Pin positioning repeatability error summary
The second series of tests was used to check the total system repeatability.
While the previous test demonstrates the repeatability of backlash elimination and
pin motion, the second test set also includes coupler engagement (refer to sequence
below) and represents the true pin positioning repeatability. The data includes the
inaccuracies caused by engaging and disengaging the coupler.
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Pin Positioning Repeatability Sequence 2
1. Engage coupler.
2. Execute torque sensing procedure.
3. Move pin to position.
4. Pause allowing operator to read dial indicator and record measurement.
5. Move pin back to initial (zero) position.
6. Disengage coupler.
The pin was raised to a height of 11" using the same motion profile
parameters as above. Three separate test sets were conducted as checks on
repeatability. (Refer to Appendix B.4b for raw data.) Each set consisted of 10 pin
position changes without homing. The average error of the data sets was 0.00001"
with a standard deviation of 0.0009", while the largest average error for a specific set
of 10 cycles was 0.00095" with a standard deviation of 0.0012". The maximum
observed error value was 0.0035".
6.3.5 Pin Positioning Time and Unit Pin Model Verification
The WSDK-1000 software was used to capture position as a function of time
during pin positioning. The plot allowed measurement of the actual time required
to position the pin. Motor acceleration rate, deceleration rate, and slew velocity
were set at 1885 rad/sec2 , 628 rad/sec', and 314 rad/sec, respectively (60 in/sec2, 20
in/sec2, and 10 in/sec). The pin was always moved in the upward direction during
test cycles. A range of values was tested from 0.1" to 12.0". Move distances were
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spaced more closely on the nonlinear portion of the time-position relationship
(Figure 53).
Test data (located in Appendix B.5) is plotted in Figure 53 and was used to
evaluate the accuracy of the unit pin model developed in Section 5.3. The maximum
observed error between experimental data and model predictions was 4.5%.
move distance (in)
Figure 53: Pin positioning time- model prediction and
experimental data
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Chapter 7
EXTENSION OF UNIT PIN RESULTS TO MULTIPLE MOTOR
CONFIGURATION
The unit pin design was proven acceptable during testing. This design is
recommended for scale-up, although bearing number and/or type may be changed to
reduce cost. While designing a baseplate, housing structure, and clamping
mechanism are not trivial, the main issue addressed by this research is setup
mechanism design.
Expanding the setup system from the unit pin configuration to a multiple pin
configuration introduces new concerns such as spatial constraints, selection of the
number of setup motors, simultaneous multiple pin engagements, and coupler
misalignment. These issues are addressed below, although they have not been
verified through testing.
7.1 Modification of the Setup Motor Matrix Configuration
Spatial constraints became an issue when designing a multiple motor setup
matrix. The Yaskawa AC servo motor was selected as the most suitable motor, due
to it's high torque to footprint ratio. The footprint of the motor is 1.57x1.57 inches.
Since the pins are on 1.125 inch centers, the motor matrix is not capable of
simultaneously connecting to adjacent pins. A motor matrix that engages to every
other pin in both the x- and y-directions is the best possible alternative, changing the
setup pattern from the ideal stepping pattern previously discussed in this thesis, to an
interleaved pattern.
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The interleaved pattern uses a sparse m, x n, matrix. The physical
dimensions of this matrix are twice the dense matrix dimensions. Both
configurations allow setup of an equal number of pins for a given number of step
moves, but the motion sequence must be altered (Figure 54). Unfortunately, this
does not translate into equal setup time.
As the setup motors are spread out over a larger number of pins, the height
differential between pins becomes larger and die setup time increases. Actual part
shapes have continuously varying surfaces. Setup time increases with increasing
surface derivative magnitudes, [, and I[, on the intervals covered by the setup
matrix size, mj.,e,,P x nieup , where "i" and "j" are the initial indices into the shape
matrix.
it
Figure 54: Ideal sequential setup sequence (left): a quadrant of the die is set
up with each step. Revised method (right): interleaved setup pattern. (Setup
sequence is indicated by the numbered pin locations and arrows, whichindicate motor matrix movement between steps.)
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7.2 Sequential Setup Model
An accurate model was needed to determine the correct size of the m,, x n,
setup motor matrix. After verifying the unit pin model through testing (Chapter 6),
the basic building block for the sequential setup mechanism was available. The next
step was to create a sequential setup model that could predict actual die setup times
for different desired die shapes and motor matrix configurations.
Constructing a setup time estimator is relatively straightforward. The
rnm,x nA, setup matrix must be stepped through the die, mi x n, sequentially. At
each step, the longest pin move is selected from the setup matrix, the move time is
computed, and then added to the setup time total. Equations 4.4, 4.5, and 4.6
describe the sequential setup time model and have been repeated here for clarity.
t,,,, (n) = time( maxAheigh, (i,,t, , setup),) [4.4]
t,,ov, (n) = xytime(dist,axis) [4.5]
eup = [tpi(n) + t,o,,e(n)] + nbteng [4.6]
where
n = current sequential mechanism step
nm,, = number of setup steps used
isup, j,,,, 9 = pin height matrix for n'h motor matrix step
dist = move length for xy table
axis = x or y axis motion
teng = estimate of engage / disengage time
118
The trapezoidal motion profile algorithm used to compute the value of the
function, time, is described in detail in Section 5.3. This same methodology is used
for calculation of the XY table move time, xytime. The values of acceleration,
deceleration, and maximum velocity were adjusted for XY table inertia and torque.
The inertia of the servo motors and z-stage is reflected to the x-stage of the
positioning table, while the y-stage (bottom) has the inertia of the previous
components combined with the inertia of the x-stage above it. These masses were
combined with the belt drive pulley inertias. Friction and belt stretch were
neglected in obtaining an acceleration estimate to be used in the kinematic model.
Engagement/disengagement time was also included in the sequential setup
model (Equation 4.6, third term). Experimental data was used to determine this
estimate; the process was not modeled. The engagement time experiment (Section
6.3.1) yielded an aligned engagement time of 174 ms with a standard deviation of 21
ms. Much of the time associated with aligned engagement is the time required for
the torque sensing procedure, which is nonexistent during disengagement. A 0.5
second estimate was used for one complete engagement and disengagement of the
coupler (no pin positioning in between). Using this slight overestimate provides
conservative setup times.
7.3 Using the Setup Time Model as a Design Tool
An actual number of motors was needed to replace the m, x n, matrix size.
Notice that in the general case, this matrix is not square. There may be advantages
to using a 1x16 motor matrix versus a 16x1 or 4x4 matrix. For that matter, what is
the necessary number of motors? The main advantage of the sequential setup
mechanism is its simplicity. Increasing the number of axes decreases setup time,
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while increasing complexity. Since setup time was the ultimate driving factor, this
criterion was placed before cost and complexity.
The setup time model was used to select the number and configuration of
setup motors. To do this, different potential die shapes were generated for setup
time estimation. Then a matrix of motor combinations was evaluated for each
shape. The results of this survey were the primary basis for the chosen motor
matrix.
The test shapes consisted of a 42x64 matrix of pin heights. Chosen shapes
simulated possible die shapes and die changes between these shapes. Three of the die
shapes chosen were spherical, leading edge, and saddle, which cover the general part
types that can be stretchformed. Two shapes were also generated that represent the
pin moves necessary to transform the die between shapes as opposed to changing
from the level, zero position to the desired shape. The first of the difference shapes
is the difference between the spherical and saddle dies. The second is the leading
edge subtracted from the sphere. Refer to Figure 55.
Variable motor configurations were tested on the five different test part
geometries. An 8x8 matrix of setup motor combinations (1 through 8 motors in
both the x- and y-directions) along with a 16x1 and 1x16 configuration were tested.
The setup times for the spherical part are repeated in Table 5. (Refer to Appendix C
for complete setup time estimates.)
If the part geometries consistently had a very small derivative in one of the
surface dimensions (Section 7.1), it could be advantageous to use a 1x16, 16x1, 2x8 or
8x2 motor matrix depending on the "flatness" of this direction. With widely
varying geometries, though, a gain in setup time efficiency for one die shape is
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negated by an efficiency loss for another die. For this reason, a square matrix
becomes the most efficient setup motor configuration.
Spherical Saddle
4
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y-axis 0 0 x-axis y-axis
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u u x-axis
Spherical-Leading Edge Spherical-Saddle
0 0 x-axis
Figure 55: Die shapes used as model inputs
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1 2 3 4 5 6 7 8
1 76.92 40.78 27.42 22.70 19.12 16.38 13.30 13.17
2 38.71 20.51 13.78 11.41 9.61 8.22 6.67 6.60
3 26.75 14.17 9.51 7.88 6.63 5.67 4.59 4.54
4 19.70 10.43 6.99 5.79 4.87 4.16 3.36 3.32
5 17.27 9.14 6.13 5.07 4.26 3.64 2.94 2.91
6 14.93 7.90 5.29 4.38 3.68 3.13 2.53 2.50
7 12.67 6.70 4.47 3.71 3.11 2.64 2.13 2.10
8 10.40 5.49 3.66 3.03 2.54 2.15 1.73 1.71
1x16 9.88
16x1 6.16
Table 5: Setup time in minutes for varying setup motor
configurations. Number of motor rows (m) on vertical
axis, columns (n) on horizontal axis. Also included are
1x16 and 16x1 motor matrix configurations. (Spherical
test shape.)
Setup time does not decrease linearly with an increasing number of
motors, because of the loss of setup motor pack efficiency at the die edges. If
mp and -n' are not integers, there will be idle motors during edge step positioning.
md nd
(Refer to Figure 25.)
The 4x4 matrix was chosen as the best setup motor configuration. The
longest setup time for this matrix was 6.55 minutes corresponding to the leading
edge test shape. This matrix provides a suitable tradeoff between time and
cost/complexity.
7.4 Initial Full Scale Setup Mechanism Design
The concept proven at the unit pin level was extended to a 4x4 motor matrix
(Figure 56). The 16 Yaskawa servo motors are rigidly mounted on an aluminum
plate. This plate is moved to the up and down positions by 4 three- position air
cylinders (Bimba, FOP series). Three-position cylinders are required to ensure
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reliable engagement (refer to Section 7.5.1). Air actuation was retained because of
the low weight and high flexibility of air lines.
SERVO PLATE, 16 MOTORS, COUPLERS
N' N AIR CYLINDER (x4)
CONNECTING PLATE
Figure 56: Exploded view of setup mechanism z-stage
The servo plate and motors are indexed underneath the die by 4 belt-driven
positioning stages (THK, GL20B) with 5:1 reducers to increase acceleration and
deceleration rates (Figure 57). Two parallel stages are used in both the x- and y-
directions. The x-stages are separated enough to allow the 4x4 motor matrix to rest
in between and are connected by an aluminum plate for reduction of the overall
profile of the setup mechanism. These axes may be connected with a connecting
shaft (Axis New England, custom component), eliminating a motion control axis,
motor, and drive. The y axes are separated by the die width distance and can not be
connected due to shaft flexure at the required positioning acceleration and speed.
Belt drive positioning stages were chosen over ball screw systems for a
number of reasons, the most important being positioning speed. The belt drive
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systems can be used at maximum speeds of 118 in/sec. At long travel distances, ball
screw systems must be slowed in order to avoid screw whip. The maximum
positioning speed allowed for a THK GL20S ball screw stage with a 60 inch travel is
approximately 32 in/sec- 27% the speed of a belt driven actuator.
The disadvantage of using a belt drive system is low position accuracy,
although this type of stage has a high repeatability. The THK GL20B has a
repeatability of 0.0012", which is acceptable for this application. To make the table
accurate, it must be "mapped" by moving the table known distances and relating
these distances to the actual encoder position. Table positioning accuracy is
increased by moving the table based on the mapping results. A more robust
alternative to the mapping approach is the use of a linear encoder, although the
required travel may make cost prohibitive.
Figure 57: Full scale sequential setup mechanism
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Choosing a 16 motor configuration allows the pin position control system to
consist of two 8 axis motion control cards. Another 3 axes must be employed to
control the XY table, along with two digital outputs required to activate the four air
lift cylinders. Cylinder and coupler position states (high/low) are monitored using
digital inputs.
7.5 Scale-up Issues
Several scale-up issues have been anticipated and addressed. The two main
issues are simultaneous engagement of multiple pins and misalignment between the
die and setup mechanism. Both issues could not be tested using the unit pin test
apparatus.
7.5.1 Multiple Pin Engagement
While the unit pin test apparatus allows for independent motion of the
coupler during engagement with the leadscrew, 16 independent z-stages would create
a complex system. Even if complexity were not a limiting factor, space would be-
the motor to motor distance is simply too short to allow the use of a reasonably
simple design.
The flexible coupling has been designed to provide a simple method of
independent coupler motion. When the four air cylinders apply an upward force to
the servo mounting plate, the Helical coupler is compressed in proportion to its
spring rate and displacement. Each coupler supplies an upward force on the
leadscrew until the coupler halves have aligned. At this time, the coupler engages by
the distance the coupler had been compressed, the vertical motion is detected by the
position sensor, and motor rotation stops. After the last of the 16 independent,
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simultaneous engagements has taken place, the z axis will be free to move into the
"up" position. At this time, the torque sensing procedure is independently executed
by each motion control axis to eliminate coupler backlash.
As mentioned in Section 7.4, the air cylinders are a three position design.
The lower position is the z-stage retracted position ("down"), the upper position is
the fully engaged position ("up"). The middle position is used to provide the
required coupler compression, while preventing the possibility of binding or
compressing a coupler too far. The four cylinders raise the servo plate to a position
that has compressed the couplers to a predetermined amount. The force exerted on
each coupler is described by Equation 7.1.
Fc = kx [7.1]
where
= coupler force
k = coupler spring const.
x = spring compression dist.
If a three position cylinder had not been chosen, the coupler force would be
based on the number of couplers that had not engaged and the air cylinder force
(Equation 7.2). When all couplers had been engaged but one, the last coupler would
be exposed to 16 times the initial force. This could flex the coupler to the point of
slipping off the leadscrew or permanent damage.
Fc2 - [7.2]
n
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where
F,2 = coupler force
f = air cylinder power factor
p = air pressure
n = number of couplers that are not engaged
The controller must be able to sense engagement of each coupler. One
possible solution to this problem is the use of a magnetic ring placed on the flexible
coupler (Figure 58 and Figure 59). When the coupler has been compressed, the
switch is activated. After engagement, the coupler decompresses, moving the ring
out of the switch's active region.
Fngaged Position
Magnetic
n. A
RJng
Hall Effect
Switch
ntegral
2-Point
Socket
Flexible
Coupler
Thrust
Bearing
Figure 58: Drawing of motor and coupler used in
multiple motor configuration (drawing by Conner)
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IFigure 59: Multiple motor configuration (drawing by
Conner).
7.5.2 Linear and Angular Misalignment Between Die and Setup Mechanism
Whether or not the setup mechanism is permanently attached to the
underside of the die, there will be a chance for misalignments to occur between the
two (Figure 60). Two types of misalignment can occur: linear and angular (Figure
61). These misalignments must be compensated to ensure reliable coupler
engagement and high speed operation.
r -
XY TABLE
S- DIE
Figure 60: Misaligned die: general case
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Figure 61: Die misalignment decomposed into
translational misalignment (left) and rotational
misalignment (right)
Accurate orientation of the die with respect to the XY table would be very
hard. Moving a 10 ton die precisely with a crane is not an easy task, although
tapered locating pins can be used for initial rough orientation. The rest will be
compensated by using offsets in software. All linear misalignment can be eliminated
assuming the XY table has enough travel. A fair amount of angular misalignment
can also be compensated.
Linear and angular misalignments are accounted for by establishing a
reference between the positioning table and die. This is accomplished by hunting for
a leadscrew or reference pin in 2 (or better yet 3) of the die corners. When found,
the actual pin positions are saved, then linear and angular offsets are calculated.
While linear misalignment is compensated by changing the XY table's zero
position, small angular misalignments can be compensated using a variable linear
offset. Using the flexible coupling parallel misalignment tolerance of 0.010"
(conservative), and ignoring the slight alignment change in the x-direction (small
angle approximation is valid), the allowable offset of one die corner (and the other 2
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following) is 0.15 inch. The die could literally be dropped onto locating pins and
achieve accuracy well within the system limits.
The exaggerated drawing below (Figure 62) describes the angular
compensation process. As the die is stepped in the x-direction (pictured case), a y
offset is added to each move. To calculate the individual offsets, the ratio between
the motor's x-position and the total x-direction die length is multiplied by the total y
offset (Equation 7.3).
Ay, = X,,osYel [7.3]
Xlength
where
Ay, = y offset for to be added to i'h x position
x,,S = x position of motor matrix center
yoff, = total y offset measured at die end (x = 72 inches)
xi.ngh = total die length in x direction (72 inches)
In this way, a variable linear offset will counteract an angular offset. Note
that for this rotation a small offset must also be subtracted in the x-direction.
During translation in the x-direction, it can be neglected because of the small angle
approximation. The angle associated with a 0.15" displacement at one end is about
0.2 degrees. The change in the x-direction (when moving the positioning table in the
x-direction) is negligible.
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Figure 62: Compensation for angular misalignment
between the setup mechanism and die
7.5.3 Testing Multiple Motor Setup
A test apparatus must be built to truly verify the sequential setup mechanism
concept. The main issues are the multiple engagement and misalignment issues
mentioned above, along with the sensitivity of the torque sensing procedure to
frictional variation between unit pins.
The proposed test apparatus concept utilizes the same 4x4 motor matrix
recommended for the full scale setup mechanism. An 8x8 test pin matrix would
allow the sequential setup mechanism to cycle through a full setup cycle (four
interleaved moves of the XY table). To test for angular die misalignment, a set of 16
hex studs is placed at the far end. The mock die will be constructed to allow testing
of angular and parallel die misalignment compensation techniques.
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By choosing the full 16 motor matrix, all system level development work
will be completed. The control system will be the same version required for full
scale setup mechanism production. Testing at this level will eliminate all setup
mechanism development work. The only extension to full scale will be the addition
of longer axes matched to the true die dimensions.
II I .....II i I I
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PIN BOX
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FRAME/~
Figure 63: 8x8 pin prototype (XY table not shown)
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Chapter 8
CONCLUSION
8.1 Summary
The Reconfigurable Tooling for Flexible Fabrication project will allow large
improvements in the sheet metal stretchforming industry by increasing part
precision and process flexibility while reducing cost and cycle time. A large number
of elements contribute to the realization of these improvements including the
springforward model, Deformation Transfer Function, and the actual tool design.
The setup mechanism is a key component of the reconfigurable tool. An
accurate shape change mechanism allows rapid convergence of the Deformation
Transfer Function to the final die shape and reduces the error band associated with
this convergence. High speed setup of the die allows for short die changeover time
thereby reducing cycle time and cost.
The sequential setup mechanism concept has been developed within this
thesis. A unit pin positioning simulation and test apparatus were constructed, tested
and compared. The unit pin positioning model was accurate to 4.5% of the actual
pin move time.
A die setup time estimator was then developed. This model allows extension
of the unit pin results to full scale die setup time estimates and was used to arrive at
the 4x4 setup motor configuration. For the 5 part shapes used as inputs to the setup
time model, the longest setup time estimate for the 4x4 matrix was 6.55 minutes.
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The full scale design concept has been presented and key issues identified,
namely engagement of multiple pins, misalignment between the die and setup
mechanism, and sensitivity of the backlash compensation procedure to pin friction
variation. Feasible solutions have been recommended for each of these problems.
8.2 Future Work
While the sequential setup concept has been proven on a unit pin level, the
concept must be tested using multiple motors. A prototype concept was presented
briefly in Section 7.5.3 that would allow for a full cycle of interleaved sequential
setup steps to be tested. This prototype would have the ability to introduce both
translational and rotational offsets between the die and setup mechanism. Using the
full scale design with modified XY table travel length would permit full
development of the device. If done correctly, extension to the 4x6 foot die will then
be a matter of scaling the table travel.
In conclusion, the sequential setup mechanism has been demonstrated to be a
simple and reliable means for reconfiguring the discrete die. A full scale concept that
will meet required setup times has been identified and initial development work has
been completed. The concept is ready for demonstration on a larger scale.
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APPENDIX
Appendix A- Unit Pin Data and Calculations
Flexible coupler information: Helical ACR 112-16-10
Outside diameter: 1.125"
Length: 1.50"
Major bore: 0.500"
Minor bore: 0.313"
Max dynamic torque: 28 in*lb
Torsional rate: 0.27 degree/in*lb
Leadscrew inertia:
0.625 - 0.515
davg = 0.515+ 2 = 0.570in
1 1 18 x 4.48 x r'0.28522
J = mr2 ,=- 18x4.48x0.2852 0.2852 = 2.165 x 10-3 oz in sec 2
2 i ,, 2 386
Rotor inertia: J,,,,,,or = 0.576 x 10-3 oz in. seC2
Coupler inertia: Jcop,,e = 8.96 x 10-4 Z in -seC2
Total inertia is J = J.crew + Jcopi,, + J,,,Io = 3.637 x 10-3 oz -in -sec 2
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Appendix B- Unit Pin Test Data
Appendix B.1 - Engagement Time Data (units: ms)
Offset 0 deg -5 deg -10 deg 5 deg 10 deg
Test # 1 203 421 565 1168 980
2 213 401 535 1400 911
3 158 396 525 1520 921
4 154 391 559 1540 911
5 164 382 565 234 895
6 194 376 584 1500 881
7 164 382 619 1143 921
8 164 372 605 1158 886
9 159 382 609 1163 911
10 164 372 615 1183 1049
Average 173.7 387.5 578.1 1200.9 926.6
Std. dev. 21.2 15.2 33.6 378.4 50.9
Appendix B.2- Engagement Repeatability (units: 0.001")
Offset 0 deg -5 deg -10 deg 5 deg 10 deg
Test # 1 0.25 0.00 -2.00 -1.00 -2.00
2 0.25 0.00 -1.50 -1.00 -1.50
3 0.25 -0.15 -1.50 -2.00 -1.50
4 0.25 -0.10 -1.50 -1.50 -2.00
5 0.00 -0.10 -1.75 -2.00 -2.00
6 0.10 0.00 -1.50 -2.00 -1.50
7 0.15 0.15 -1.50 -1.00 -1.25
8 0.15 0.00 -1.50 -1.75 -1.00
9 0.2 0.00 -1.25 -1.50 -2.00
10 0.15 0.00 -1.00 -2.00 -2.00
Average 0.2 0.0 -1.5 -1.6 -1.7
Std. Dev. 0.1 0.1 0.3 0.4 0.4
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Appendix B.3- Pin Homing Repeatability Error (units: 0.001")
TEST #
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
Average
Std. Dev.
Error
0.00
0.50
0.25
0.60
0.25
0.50
0.25
0.25
0.50
0.25
0.25
0.50
0.25
0.25
0.00
0.50
0.50
0.33
0.18
Appendix B.4a- Pin Positioning Repeatability
3.75 Inch Move Distance (units: 0.001")
Set 1 Set 2 Set 3 Set 4 Set 5
TEST #1 0.25 0.00 -0.50 0.50 0.00
2 0.00 -0.25 -0.50 0.50 0.00
3 0.00 -0.25 -0.50 0.00 0.00
4 0.00 -0.25 -0.50 -0.25 0.00
5 0.00 -0.25 -0.50 0.00 0.00
6 0.25 -0.25 -0.50 -0.25 -0.25
7 0.00 -0.25 -0.50 -0.25 -0.25
8 0.00 -0.25 -0.50 -0.50 -0.25
9 0.00 -0.25 -0.50 0.00 0.00
10 -0.25 0.00 -0.50 -0.50 -0.25
Average 0.03 -0.20 -0.50 -0.08 -0.10
Std. Dev 0.11 0.11 0.00 0.35 0.13
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6.00 Inch Move Distance (units: 0.001")
Set 1 Set 2 Set 3 Set 4 Set 5
TEST #1 0.00 0.00 0.00 0.00 -0.25
2 0.00 0.00 0.25 0.00 0.00
3 0.00 0.00 0.00 0.00 0.00
4 0.00 0.00 0.25 0.00 0.00
5 0.00 0.00 0.00 0.00 0.00
6 -0.25 0.00 0.00 0.00 0.00
7 0.00 0.00 0.25 0.00 0.00
8 0.00 0.00 0.25 0.00 -0.25
9 0.00 0.00 0.25 0.00 0.00
10 0.00 0.00 0.25 0.00 0.00
Average -0.03 0.00 0.15 0.00 -0.05
Std. Dev 0.08 0.00 0.13 0.00 0.11
10.0 Inch Move Distance (units: 0.001")
Set 1 Set 2 Set 3 Set 4 Set 5
TEST #1 0.00 -0.25 0.00 0.00 0.00
2 0.00 -0.25 0.00 0.00 0.25
3 -0.25 -0.50 -0.25 0.00 0.00
4 0.00 -0.25 -0.25 0.00 0.00
5 0.00 -0.25 -0.50 0.00 0.00
6 0.00 -0.25 -0.25 0.00 0.00
7 0.00 -0.25 -0.25 0.00 0.00
8 0.00 -0.25 0.00 0.00 0.00
9 0.00 -0.25 -0.25 0.00 0.00
10 0.00 0.00 -0.50 0.00 0.00
Average -0.03 -0.25 -0.23 0.00 0.03
Std. Dev 0.08 0.12 0.18 0.00 0.08
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Appendix B.4b- Pin Positioning Repeatability (units: 0.001")
11 Inch Move, Full Coupling/Positioning Cycle
Test #1 Trial 1 Trial 2 Trial 3
1 0.00 0.00 0.00
2 -0.25 0.00 -0.25
3 -0.25 0.00 -0.25
4 -0.25 -0.25 -0.50
5 -0.25 1.00 1.25
6 -0.25 0.50 -1.50
7 0.00 1.25 -1.50
8 -0.25 1.25 -1.50
9 -0.25 2.25 -1.50
10 -0.25 3.50 -1.50
Average -0.20 0.95 -0.73
Std. Dev. 0.11 1.19 0.94
Appendix B.5- Pin Positioning Time and Model Error
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Distance (inches) Time (sec) Model (sec) %error
0.1 0.105 0.115 1.0
0.2 0.144 0.158 1.4
0.3 0.189 0.193 0.4
0.4 0.224 0.223 -0.1
0.5 0.239 0.249 1.0
0.6 0.269 0.273 0.
0.7 0.291 0.295 0.4
0.8 0.305 0.316 1.1T
0.9 0.333 0.335 0.2
1.0 0.340 0.353 1.3
2.0 0.492 0.500 0.8
3.0 0.613 0.621 0.8
4.0 0.694 0.731 3.7
5.0 0.807 0.8n 2.6
6.0 0.912 0.933 - 27
7.0 1.024 1.033 0.
8.0 1.116 1.133 1.7
9.0 1.18 1.233 4.5
10.0 1.317 1.333 1.6
11.0 1.416 1.433 1.7
12.0 1.513 1.533 2- 0
Appendix C- Setup Time Data for Varying Part Shapes and Motor
Configurations
Spherical Die (units: minutes)
1 2 3 4 5 6 7 8
1 76.92 40.78 27.42 22.70 19.12 16.38 13.30 13.17
2 38.71 20.51 13.78 11.41 9.61 8.22 6.67 6.60
3 26.75 14.17 9.51 7.88 6.63 5.67 4.59 4.54
4 19.70 10.43 6.99 5.79 4.87 4.16 3.36 3.32
5 17.27 9.14 6.13 5.07 4.26 3.64 2.94 2.91
6 14.93 7.90 5.29 4.38 3.68 3.13 2.53 2.50
7 12.67 6.70 4.47 3.71 3.11 2.64 2.13 2.10
8 10.40 5.49 3.66 3.03 2.54 2.15 1.73 1.71
1x16 9.88
16x1 6.16
Leading Edge Die (units: minutes)
1 2 3 4 5 6 7 8
1 86.58 45.87 30.80 25.51 21.46 18.34 14.85 1T4.69
2 43.66 23.13 15.51 12.85 10.81 9.22 7.46 7.38
3 30.18 15.98 10.71 8.88 7.46 6.36 5.14 5.08
4 22.29 11.80 7.90 6.55 5.50 4.68 3.77 3.73
5 19.48 10.30 6.90 5.71 4.80 4.08 3.29 3.25
6 16.83 8.90 5.95 4.93 4.14 3.52 2.83 2.80
7 14.31 7.56 5.05 4.18 3.51 2.98 2.39 2.36
8 11.80 6.23 4.14 3.44 2.88 2.44 1.95 1.93
.............. .. .............. .... .....................   ..............
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Saddle Die (units: minutes)
1 2 3 4 5 6 7 8
1 51.33 2.13 17.47 15.22 12.9U0 .55 8.19 8.33
2 26.U7 13.77 8.86 7.71  .63 5.34 4.14 4.20
3 18.10 9.56 6.14 5.34 4.52 3.69 2.86 2.90
4 13.49 7.12 4.57 3.97 3.36 2.74 2.11 2.14
5 11.79 6.22 3.99 3.46 2.93 2.38 1.84 1.86
6 1U.24 5.39 3.46 3.UU 2.53 2.06' 1.59 1.61
7 8.81 4.64 2.97 2.57 2.17 1.76 1.35 1.37
8 7.36 3.87 2.47 2.14 1.80 1.46 1.11 1.13
1x16 6.83
Tbx1 4.66
Difference Between Sphere and Leading Edge Dies (units: minutes)
1 2 3 4 5 6 8
1 50.02 26.40 17.23 14.71 12.43 10.35 8.15 8.23
2 25.29 13.34 8.70 7.42 6.27 5.21 4.10 4.14
3 17.5 9.24 6.02 5T.14 4.33 3.o 2.82 2.8b
4 13.02 6.86 4.46 3.80 3.21 2.66 2.08 2.10
5 11.4U 6.0U 3.90 3.33 2.80 2.32 1.81 1.83
6 9.90 5.21 3.38 2.88 2.43 2.01 1.56 1.58
7 8.49 4.46 2.89 2.46 2.07 1.71 1.33 1.34
8 7.07 3.71 2.40 2.04 1.711 1.41 1.09 1.0
Difference Between Spherical and Saddle Dies (units: minutes)
1 2 3 4 5 6 7 8
1 66.47 35.52 23.89 20.01 16.94 14.37 11.84 11.69
2 33.41 17.84 11.99 10.04 8.50 7.20 5.92 5.85
3 23.14 12.35 8.29 6.94 5.87 4.97 4.08 4.03
4 16.99 9.06 6.07 5.09 4.30 3.63 2.98 2.94
5 15.01 8.00 5.36 4.48 3.79 3.20 2.62 2.58
6 13.02 6.93 4.64 3.88 3.27 2.76 2.26 2.23
7 11.01 5.86 3.91 3.27 2.76 2.32 1.89 1.87
8 9.01 4.78 3.19 2.67 2.24 1.89 1.53 1.51
1x16 8.89
16x1 5.49
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Appendix D- Notes on Pin Height Measurement
One of the issues that has been mentioned repeatedly during the course of
this thesis is the measurement problem. The goal is to measure the true pin height,
but this presents many problems. The sequential setup mechanism is currently
dependent upon the servo motor's encoder to provide pin tip information. The
control loop is not truly closed around the endpoint because of backlash, pin length
tolerance, baseplate flatness, and leadscrew lead errors located between the
measurement device and measured parameter.
Overhead measurement systems have the potential to eliminate these effects.
Direct measurement of the pin tip can be made to measurement system accuracy.
Also, the error is not cumulative like error associated with uncompensated backlash.
The need for homing the pin after "n" cycles is eliminated, as is the need for torque
sensing to compensate for backlash. Also, as the pins and leadscrews wear on the
tool, compensation will be automatic. Even though torque sensing compensates for
coupler wear, it is not able to adjust for pin or leadscrew wear.
An overhead measurement system changes the role of the coupler. Initially,
the coupler was required to transmit power and impact positioning as minimally as
possible. By eliminating uncertainty about the effect of the coupler on pin position,
the role of the coupler reduces to reliable power transmission- a brute force
operation. There are only two concerns in this type of coupler engagement:
connecting the coupler halves together and limiting impact between the two halves
during initial pin acceleration.
Final pin positions may still need to be approached from below, because of
component tolerances. This positioning method would be used as a precaution
against a pin being higher than its loaded position. If this method is not
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implemented, the pin may be positioned correctly, but when loaded move to a
lower position, because of backlash in the system.
There are many tradeoffs when selecting a measurement method. The
encoder is cheap and reliable but has the disadvantage of providing a pin height
estimate only. The final question is then, "is encoder measurement accurate
enough?" In the case of the ideal setup mechanism, the answer is "yes." Error will
not accumulate between position runs. The pin and leadscrew tolerances will be
held to within a few thousandths of an inch. The question is much more difficult in
the case of the sequential setup mechanism. Assuming time is available for homing,
the encoded measurement system is totally acceptable. If there is a possibility of
coupler failure, the overhead measurement system has a clear advantage from a
reliability and accuracy standpoint.
Many issues must be addressed before rapid overhead measurement becomes
a feasible alternative to the rotary encoder measurement approach. With 2688 pins
to be measured and a high speed setup requirement, the measurement system must
be fast as well as accurate. Using the setup mechanism described in this thesis, the
measurement system must provide feedback for real-time control of 16 motors.
Other problems with overhead measurement include the large range/resolution
ratio needed to keep the measurement system away from the machine and the need
to make accurate measurements (within a few thousandths of an inch) in a
production environment.
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